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ABSTRACT

The popularity of solar photovoltaic (PV) energy is growing across the globe with more
than 500 GW installed in 2018 with a capacity of 640 GW in 2019. Improved PV module
reliability minimizes the levelized cost of energy. Studying and accelerating encapsulant
browning and solder bond degradation—two of the most commonly observed degradation
modes in the field—in a lab requires replicating the stress conditions that induce the same

field degradation modes in a controlled accelerated environment to reduce testing time.

Accelerated testing is vital in learning about the reliability of solar PV modules. The
unique streamlined approach taken saves time and resources with a statistically significant
number of samples being tested in one chamber under multiple experimental stress
conditions that closely mirror field conditions that induce encapsulant browning and solder
bond degradation. With short circuit current (Isc) and series resistance (Rs) degradation data
sets at multiple temperatures, the activation energies (Ea) for encapsulant browning and

solder bond degradation was calculated.

Regular degradation was replaced by the wear-out stages of encapsulant browning and
solder bond degradation by subjecting two types of field-aged modules to further
accelerated testing. For browning, the Ea calculated through the Arrhenius model was 0.37
+0.17 eV and 0.71 £ 0.07 eV. For solder bond degradation, the Arrhenius model was used
to calculate an E, of 0.12 + 0.05 eV for solder with 2wt% Ag and 0.35 + 0.04 eV for

SneoPbao solder.



To study the effect of types of encapsulant, backsheet, and solder on encapsulant
browning and solder bond degradation, 9-cut-cell samples maximizing available data
points while minimizing resources underwent accelerated tests described for modules. A
ring-like browning feature was observed in samples with UV pass EVA above and UV cut
EVA below the cells. The backsheet permeability influences the extent of oxygen photo-
bleaching. In samples with solder bond degradation, increased bright spots and cell
darkening resulted in increased Rs. Combining image processing with fluorescence
imaging and electroluminescence imaging would yield great insight into the two

degradation modes.
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CHAPTER 1: INTRODUCTION

The world is moving towards renewable energy sources. The global photovoltaic (PV)
installation by the end 2018 was 512.3 GW with 54% being installed between 2015 — 2018
[1]. The increased role of solar in energizing the world necessitates a deeper understanding
of the technology and its reliability. Photovoltaics is versatile with the possibility of
residential, commercial, and utility scale installations. Most installations need minimal
maintenance over their 25 — 30 year lifetime. With crystalline silicon-based PV technology
(mono- and poly- crystalline) accounting for 95% of the module production, a lot of
research is being done into its various aspects of crystalline silicon technology including
reliability. Thin film technologies (CdTe, CIGS, amorphous, etc.) account for 5% of the

global module production [2].

1.1 Components of a PV Module

Solar modules are a laminate of multiple materials; each carefully selected for their
properties and economics. The superstrate/substrate combination is the module
construction; most modules have a glass/backsheet construction while some have
glass/glass construction. The structure of the PV laminate includes i) high transmittance
glass superstrate, ii) highly transparent polymer encapsulant, iii) solar cells wired with
solder-coated copper interconnects, iv) highly transparent polymer encapsulant, and v)
glass or a polymer backsheet. The module leads are housed inside a junction box on the
backsheet of the module. The entire laminate is encased in a metal frame for added

structural support.



1.11 Frame
Most modules have an aluminum frame to increase structural integrity. Frames also
make mounting modules easier. The frame encompasses an edge seal and a rubber inlay to

help reduce moisture ingress through the module edge.

1.1.2 Glass Superstrate

The low-Fe, tempered glass typically used in solar modules is 3.2 mm thick. Some
manufacturers have started to use 2.5 mm thick glass. The glass offers high optical
transmittance, mechanical stability, electrical insulation, water impermeability, and impact
resistance. The glass could contain cerium oxide that absorbs some of the incident UV

light.

1.1.3 Encapsulant

Encapsulants provide structural support and positioning during the various stages of
manufacturing, transportation, handling, and installation. It helps with optical coupling
between the glass superstrate and the solar cell while physically isolating the cells and other
components from the stresses of the environment. It also helps electrically isolate the cells
from a safety and an operational standpoint [3]. The most popular encapsulant used is

ethylene vinyl acetate (EVA).

1.1.4 Solar Cell and Cell Metallization

The solar cell is usually a doped semiconductor with a p-n junction. The cells
sometimes have anti-reflection coatings. PV module technology is classified based on the
type of cells. Crystalline technology refers to either monocrystalline or polycrystalline

cells. Monocrystalline cells have higher efficiency than polycrystalline cells owing to the
2



absence of grain boundaries. However, polycrystalline silicon cells are easier to fabricate.
Several cell architectures exist within silicon cells which are usually 150 — 300 microns
thick. Thin film, having cells a few microns thick, are usually made from CIGS, CIS,
amorphous silicon, CdTe, etc. The potential failure modes and degradation mechanisms

for different cell materials changes with the cell technology.

Cell metallization typically consists of screen-printed silver (Ag) positive and negative
terminals on the solar cell. The metallization on the cells include fingers, that collect the
charges generated by the solar cell, and busbars, that carry the charge to the terminals of
the module. Cell interconnects connect cells in series and have a copper core coated with

a lead-tin solder.

1.1.5 Glass or Polymer Substrate

The substrate shields the module from harsh environmental conditions. The substrate
of modules is usually a permeable polymer backsheet. Some modules have a glass substrate
that increases the structural integrity. However, glass substrates add weight to the module,

are impermeable to the degradation by-products and decrease heat dissipation.

1.2 Degradation of PV Modules

Each of the numerous materials, interfaces, and components involved have a significant
role in regular operation of modules and yet pose unique challenges for module reliability.
Prolonged exposure of solar modules to environmental factors cause degradation of its
components and interfaces resulting directly or indirectly in significant power loss. Primary

degradations in modules can make way for secondary degradation mechanisms causing



further power loss. Fig. 1 illustrates the components, degradation modes and their locations
seen in field-aged modules
liPotential Induced Degradation

Soiling, Cracks, Snail Trails

O—— Delamination

’ Polymer Encapsulant }
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D! Ribbon Ribbon .%Delammatlon Corrosion, Thermomechanical
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Finger Breakage, :
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Ribbon Finger Lifting,
’ Polymer Encapsulant ‘ Corrosion Cracking, Light Induced

’ Glass or Polymer Substrate ‘ Degradation

O—— Bubbling, Cracking, Peeling, Hydrolysis

Fig. 1. Components of a typical crystalline silicon module along with some degradation
modes and their locations are highlighted. Figure adapted from [3].

The main environmental factors PV modules are exposed to are light (Fig. 2), heat (Fig.
3), and humidity (Fig. 4). Other factors like soiling, cloud cycling, snow load, wind load,

albedo, air conditions (salty conditions), and hail affect the power output and safety of

modules.
Stress .
Source Solar Irradiance
Stress
Factor
Module
Component Encapsulant
v v ) —
Degradation - - - - - Bulk carrier life
Mechanism | Discoloration | | Acid generation | | Bubbling | degradation

Fig. 2. Schematic of irradiance induced degradations [4]. Changes in the irradiance
reaching the cell usually causes a drop in the short-circuit current of the module.

With prolonged exposure to irradiance, parts of the sun’s spectrum interact with the

polymers and additives in the encapsulant causing structural changes that hinder full
4



functionality of the encapsulant. Acid generation could lead to further encapsulant
discoloration and metallization corrosion. Bubbling could cause delamination and reduced
Isc generation. The cells undergo light induced degradation by the Staebler-Wronski effect
where reduced cell performance stabilizes after a 1% - 5% drop in the short-circuit current
(Isc) [5], [6]. Irradiance changes the material properties of the encapsulant and the cell
leading to reduced power output. These degradation mechanisms lead to other safety and

performance issues.

Thermal stresses cause degradation of most of the module components especially in
conjunction with other stressors. Intermetallic compound (IMC) formation,
thermomechanical fatigue (TMF), creep, and related phenomenon are encouraged in the
presence of thermal stresses. Thermal stresses can accelerate other ongoing degradation

modes such as encapsulant browning and delamination.

Heat from Operation | Daily Temperature Cycles | Light absorption
Stress Source I

Stress
Factor

Module | Glass | | Interfaces | | Encapsulant | | Cell | | Backsheet |
Component 1 l ‘—l—‘ ‘_l_‘
Breakage Delamination/ Photothermal/ || Morphology Solder || Cracking Drive
Degradation Bubbles Thermal changes joint other
Mechanism Reaction fatigue effects

Fig. 3. Degradation mechanisms induced by heat whose effects include increased series
resistance, decreased voltage, module shunting, severe safety issues, decrease in short-
circuit current among others [4].

The main pathway for moisture in ingress in a glass/backsheet modules is through the
backsheet. Some can enter through the edge seal if it degrades. Glass is impermeable to

water vapor and in a glass/glass module, the only moisture ingress pathway would be

through degraded edge seal. Moisture on the glass could make conditions conducive for
5



potential induced degradation [7]. Once moisture enters the laminate through the

backsheet, it interacts with the backsheet, back and front EVA layers, and the metallization.

‘ Mechanical Load ‘ ‘ Thermal Fatigue | | Humidity Gradient | | Chemical Reaction
Stress |_;_, l
S T 3 S
ouree | Crack/Delamination | ‘ Diffusion ‘
s
actor
¥ ¥ ¥ ¥ ¥
Module | Backsheet | | Glass | | Interfaces | | Encapsulant | Interconnect,
Component l I | I B.us?ar,
l l__l l |l | 1 gridlines
Degradation Increased Bond Transmission Hydrolysis Electrochemical Electromigration
Mechanism Conductivity Hydrolysis Losses Corrosion (Al, Ag)

Fig. 4. Degradation mechanisms induced by humidity that can affect all components of a
PV module. Presence of humidity around and inside a module can cause secondary
degradation mechanisms that affect the power output of the module [4].

Rarely in the field, are modules exposed to a single environmental factor. The
combined effect of multiple factors can drastically affect the electrical parameters of short-
circuit current (lsc), open-circuit voltage (Voc), and maximum power (Pmax). The Pmax is the
product of the lsc, Voc, and the fill factor (FF) of a module. The primary degradations seen
in modules can make way for secondary degradation mechanisms. Hydrolysis leads to acid
generation, corrosion, and current leakage. Delamination leads to decoupling of

transmitted light, heat trapping, and thermal fatigue.

1.3 Studying the Reliability of PV Modules

The general trend seen in reliability of products is shown in a bathtub curve (Fig. 5).
The three parts of the Observed Failure Rate can be classified as Infant Mortality, Useful
Life, and Wear Out. In the first stage, failures related to product design, choice of material,

and fabrication method are observed. In the second stage, randomly occurring failures



during the useful life are observed. In the third stage, the components have reached the end

of their useful life and fail due to the applied stresses over the product lifetime [8].
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Failure Failure Failure
Rate Rate Rate
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"ﬁ; b Ea Observed Failure
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.u.-.J . |
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Time

Fig. 5. Bathtub curve describing the causes of different failure types in product reliability

[9]

With reduced levelized cost of energy (LCOE), solar energy becomes more
economically viable. The LCOE depends on capital investment, operations/maintenance
expenses, fuel expenses (nil in the case of renewables), electricity generated, financial
discount rate, and system lifetime [10]. To reduce LCOE, the cost of the system (capital
and operations/maintenance) should be minimized while increasing the technology
efficiency (energy generation) and system reliability (lifetime of the system). All three
aspects are equally important in decreasing the LCOE [11]. Studying PV module reliability
and understanding the various degradation modes that occur is vital. Solar modules have
to undergo, and pass qualification tests as specified by the International Electrotechnical

Commission (IEC) standards before they can be sold on the market. These stringent tests
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are aimed at addressing design and material issues with modules that contribute to infant
mortality failures. While qualification tests address infant-mortality failures, wear-out

failures remain under-studied.

In the field, two of the most commonly observed failure modes are encapsulant
browning and solder bond degradation [12]. They correspond to charge generation and
collection within the solar module, respectively. The initial and mid-life stages of
encapsulant browning and solder bond degradation have been well studied. The end-of-life
stages of the encapsulant browning and solder bond degradation modes are yet to be
explored extensively. Understanding failure mechanisms at different stages of the
module’s lifetime enables predicting the power output. Accelerated tests are widely used
to study PV module reliability. The aim of accelerated tests is to replicate failures seen in
the field within a much shorter time frame. This is done by increasing the intensity of
stressors modules are exposed to in normal field operation such as temperature, humidity,
UV light, but not to the extent that would cause run-away degradations that would not

occur in the field.



1.4 Motivation and Objective

Module reliability depends on the reliability of its components. With encapsulant
browning and solder bond degradation being the most commonly observed field
degradation modes, both modes are studied through the correlation between outdoor field
testing and indoor accelerated stress testing. The effect of environmental stressors with and
without humidity on encapsulant browning of samples with different backsheets and EVA
types is investigated. The influence of static temperature and cycling temperature on the
integrity of cell interconnects and solder bonds is also investigated. The work presented

aims to address the following questions:

e How does the end-of-life stage of encapsulant browning manifest itself in
modules that have already been field exposed?
- How does module temperature (60°C - 80°C) affect encapsulant
browning?
e How does the end-of-life stage of solder bond degradation manifest itself in
modules that have already been field exposed?
- How does solder bond composition (Sne2Pb3sAg2 and SnegPbao at solder
joint) affect solder bond degradation?
- How does temperature (85°C, 95°C, and 105°C) affect solder bond

degradation?

Accelerated tests were carried out on samples with new materials and material

combinations to better understand how encapsulants, backsheets, and different



compositions of cell metallization degrade with exposure to combined stressors such as

humidity, temperature, and UV light.

e How does encapsulant browning manifest itself in freshly fabricated samples
when exposed to accelerated UV light?
- What is the effect of different types of EVA encapsulants (UV Cut and
UV Pass) in samples?
- What is the role of temperature and humidity (three temperatures and
two humidity levels) in encapsulant browning?
- What is the effect of backsheet type (PET and PVDF) on encapsulant
browning and photobleaching?
e How does solder bond degradation manifest itself in freshly fabricated
samples undergoing thermal cycling with different solder bond compositions?
- How does solder bond composition (Sne2PbssAg2, SneoPbao, Sna2Bisg)
affect solder bond degradation?
- How does temperature (85°C, 95°C, and 105°C) affect solder bond

degradation?

Chapter 2 goes over existing research found in literature review pertaining to
encapsulant browning and solder bond degradation. Chapter 3 details the methodology of
testing for and characterizing encapsulant browning and solder bond degradation. Chapter
4, reporting the results, discussion, and related analysis of the testing described in Chapter
3, culminates in the take-aways from experimentation. Chapter 5 summarizes the findings

and presents future outlook.
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CHAPTER 2: LITERATURE REVIEW
Prolonged exposure of PV modules to environmental stressors causes degradation in
the various components within a module which can lead to secondary degradation

mechanisms.

2.1 Polymers Used in Solar Modules

Two of the main polymer components used in solar modules are encapsulants and
backsheets. They have different but specific functions within a module. The properties and

degradation mechanisms of the encapsulant and backsheet vary.

2.1.1 Encapsulants in Solar Modules

Given the wide range of environmental stressors modules are expected to reliably
withstand for 20 — 25 years, the encapsulant must meet the criteria listed in TABLE 1.
Encapsulants, having high transmittance, provide optical coupling between the solar cell
and the glass. As a choice of encapsulant, only silicones met the criteria as they are resistant
to hydrolysis, thermal oxidation, and UV photo-oxidation. However, when cost was

considered, EVA was a clear choice.

EVA in PV applications is a copolymer of ethylene units and vinyl acetate units (~33
wt.%). Two types of EVA used widely in the PV industry are UV cut (UVC) EVA which
absorbs light below 360 nm and UV pass (UVP) which allows all incident light to reach
the solar cell. The UVC EVA formulation typically includes a UV absorber (Cyasorb UV
531), a UV stabilizer (Tinuvin 770), an anti-oxidant (Naugard P), and a peroxide curing
agent (Lupersol 101 or Lupersol TBEC). The UVP EVA formulation omits the UV

absorber. Traditionally, modules use UVC EVA both above and below the cell. The trend
11



has now shifted to using UVP EVA above the cell to circumvent encapsulant browning.
The UVC EVA below the cell prevents backsheet degradation due to interaction with the

UV light incident on inter-cell regions.

TABLE |: REQUIREMENTS OF ENCAPSULANTS FOR SOLAR MODULE APPLICATION

Characteristic Specification/Requirement
Glass transition temperature (Tg) < -40°C
Total hemispherical light > 90% of incident light
transmission
Hydrolysis None at 80°C and 100% RH
Water absorption < 0.5 wt.% at 20°C/100% RH
Resistance to thermal oxidation Stable up to 85°C
Mechanical creep None at 90°C
Tensile modulus <20.7 MPa at 25°C
Fabrication temperature <170°C
Fabrication pressure for
L 1 atmosphere
lamination
Chemical inertness No reaction with embedded Cu coupons at 90°C
UV absorption degradation None at wavelengths above 350 nm
Hazing or clouding None at 80°C and 100% RH
Minimum thickness 0.152 mm
Odor, human hazards None

EVA is usually crosslinked with the curing agent for use in module lamination. The gel
content is the fraction of the polymer that has been crosslinked. A gel content of above
60%, but preferably above 80%, is required for EVA in solar modules to ensure good creep
resistance [13] The degradation modes and their rates are determined by the environmental
conditions the solar module experiences in the field/accelerated test. The bonds in the
encapsulant and the additives are modified thus changing their optical and mechanical
properties. With exposure to UV light, the gel content can increase to about 96% (with
browned EVA) but so long as the encapsulant is soft and elastic, it does not pose a problem

to module performance [3]. Areas with increased gel content also have very low amount

12



of the UV absorber [14]. Chromophores impart color to the material and their formation
can be reversible or irreversible [15]. The curing temperature, time, and cross-linker
concentration dictate the gel content and the chromophores formed during lamination [3].
Longer curing times and higher curing temperatures lead to a greater concentration of
chromophores [16]. Freshly laminated transparent polymer encapsulants start to turn
yellow and eventually brown with prolonged exposure to UV. Humidity and elevated

temperatures enhance encapsulant browning. EVA also undergoes discoloration [17].
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Fig. 6. (a) Transmittance curves of freshly laminated EVA (1), yellowed EVA (2), and dark
brown EVA (3). As the encapsulant degrades, more chromophores are formed increasing
the light absorption within the polymer layer [14]. (b) represents the solar spectrum at sea
level. Even a small drop in transmittance in the 250 nm — 1050 nm range greatly affects
the power output [18].

Fig. 6 (a) shows the effect of chromophore formation on transmittance. The sun’s
irradiance at the sea level is most intense in the visible range. Hence maximizing the
absorption in this range is extremely beneficial to increasing cell efficiency. The
discoloration is thought to originate from either the degradation of additives in EVA and/or
the degradation of the EVA main chain itself [3], [19]. Oxidation of polymers, like any

polymer reaction, has three steps: initiation, propagation, and termination. Four main EVA
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degradation reactions are shown in Fig. 7 — Fig. 10. EVA degradation also results from

formation of polyconjugated polyenes by multistep deacetylations as seen in Fig. 11.

R 2 Norrishl g’ ) Ci Bibia Hj'k R
\/\/Y\R \/\/\(\R + |\

&
~ CH4 + CO, + CO

Fig. 7. Equations representing the Norrish I reaction whose products include acetaldehyde
or methane, carbon-dioxide, and carbon monoxide [20].
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Fig. 8. An EVA reaction that results in lactone and methane formation [21].

1
R 2 Norrish Il 1 O
~ R™ + HOJK

O\I//O
Fig. 9. Equations representing the Norrish Il reaction whose products include polyenes and
acetic acid [20].

The hydrolysis/deacytalization reaction of EVA in the Norrish Il reaction results in
acetic acid formation which is a self-catalyst leading to increased rate of encapsulant
browning. The generation of acetic acid close to the cell metallization also facilitates faster

rates of corrosion [16], [22].

1

R 2 Norrishlll
R
O\fo o N

Fig. 10. Equations representing the Norrish 111 reaction whose products include ketone and
aldehyde [20].
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Fig. 11. Formation of conjugated polyenes by multistep deacetylations [3].

The polyenes from the main chain EVA (Fig.

11) and the degradation of the additives

result in chromophore formation (Fig. 12). Longer chromophore conjugation lengths lead

to darker EVA color (Fig. 13). The discolored EVA absorbs some of the light on its way

to the solar cell, thus reducing the short circuit current (lsc) and output power (Pmax) [23].
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Fig. 12. Reaction of (a) the UV absorber, 2-Hydroxy-4-octoxybenzophenone (Cyasorb
531), with products of peroxide homolysis and (b) the Hindered Amine Light Stabilizer
(HALS), the bis(2,2,6,6-Tetramethyl-4-piperidinyl)sebacate (Tinuvin 770) [24].
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Fig. 13. Absorbance curves of various chromophores formed in EVA. As the conjugation
length increases, the absorption peaks shift from shorter to longer wavelengths [14].

During field exposure of modules, a counter-reaction to EVA browning takes place
simultaneously: oxygen photobleaching occurring in modules with a permeable polymer
backsheet [25]. The oxygen in the ambient air diffuses through the backsheet and bleaches
the discolored EVA, in the presence of sunlight [16], [26]-[29]. Cracked cells also enhance
this bleaching reaction by creating more pathways for oxygen diffusion [30]. EVA is
permeable to oxygen (3000 cm?/m?=day) and water vapor (80 g/m?=day) [31]. In addition
to transmission rates of EVA, those of the backsheet also play a role in regulating
photobleaching of browned EVA. UV light from 310 nm — 370 nm photo-oxidize
chromophores to a product without color. While photobleaching can occur with visible
light, it is faster with wavelengths closer to 305 nm. The emission spectra of photobleached

EVA is similar to fresh cured EVA. However, there is a difference in the gel content and
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the UV absorber concentrations which can affect the mechanical properties of the
encapsulant [14]. Both EVA browning and photobleaching are temperature dependent
reactions. As the module temperature increases, the browning and the photobleaching
reaction rates also increase [32]. On the other hand, modules having glass-glass
construction will undergo a more intensified browning reaction as oxygen diffusion
through the impermeable glass sheet is eliminated [33]. The recent trend in the PV industry
is to use UVP EVA above the cell as a solution to encapsulant browning. The absence of
UV absorbers would drastically reduce chromophore formation. However, studies have
shown that modules with UVP EVA above the cell and UVC EVA below the cell still have
some browning/discoloration of the encapsulant as observed from UV fluorescence
imaging [34], [35]. This is thought to originate from some additive transfer from the UVC
EVA below the cell to the UVP EVA above the cell during lamination in the inter-cell

regions due to concentration gradients [24].

Accelerated UV exposure tests and long-term field-aged modules are major data
sources to study encapsulant browning. The 15 kWh/m? of UV preconditioning test
required in the IEC 61215 (qualification standard for terrestrial solar modules) [36] tests
only the interfacial bond strength of the encapsulant with the top glass and the silicon cell,
but not the bonds or additives within the bulk of material which are associated with the
browning reaction. The 15 kWh/m? UV dosage is negligible compared to the 8 — 10 years

needed for modules to overtly show browning in the field [24], [37].
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2.1.2 Backsheets in Solar Modules

Backsheets are typically made of three polymer layers held together by epoxy or
adhesives. The middle layer acts as an electrical insulator and a permeation barrier and is
enclosed by a protective layer (air side) and a layer suited for adhesion to the encapsulant
[38]. Backsheets need to be electrically insulating as modules can be part of strings that
can reach a total voltage of 1500 V. The outer layer protects against environmental factors
(wind, dust, UV from albedo, moisture). The use of a polymer substrate reduces the weight
of modules dramatically allowing for easier shipping and handling. One of the most
common backsheets used in the PV industry is Polyvinyl Fluoride — Polyethylene
Terephthalate — Polyvinyl Fluoride (also known as Tedlar-PET-Tedlar or TPT). Another
common alternative is Polyvinylidene Fluoride — Polyethylene Terephthalate — Ethylene
Vinyl Acetate (also known as Kynar-PET-EVA or KPE) both shown in Fig. 14.

(a) TPT Backsheet _\ (b) KPE Backsheet
Encapsulant-side Encapsulant-side
m \ Ny Ethylene Vinyl Acetate
Adhesive

Adhesive I
|

\)
Polyethylene Terephthalate | \y ' | Polyethylene Terephthalate |

e N | <hetve |
Polyvinyl Fluoride " Polyvinylidene Fluoride |
Air-side Air-side

Fig. 14. Layers in TPT and KPE backsheets commonly used in PV modules. TPT
backsheets are typically 0.34 mm thick and KPE backsheets are 0.33 mm thick.

The physical and chemical properties of the backsheets differ with the materials used
and the environmental factors. Light in the 300 nm — 350 nm range is absorbed by PET
leading to discoloration, embrittlement, and cracking [39], [40]. Typically, backsheets
allow some diffusion of water vapor and oxygen that lead to changes in the materials of
the PV module and their properties.
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The oxygen transmission rate (OTR) through the backsheet can be described by Fick’s

law

oc 0%
a Do ol

where c is the concentration, D is diffusivity, t is time, and X is the position within the
material [41]. With increased temperature, the amount of oxygen diffusing increases.
Oxygen that diffuses through the backsheet photobleaches browned EVA by breaking up
the conjugated double bonds thus increasing its transmittance [38].

Water vapor enhances delamination and encapsulant browning especially when
combined with other environmental factors. The water vapor transmission rate (WVTR)

can be described as
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PG, 11423 (-aye ©
n=1

WVTR(t) ==

Eqg. 2

where D is diffusivity, Cs is saturation concentration, | is sample thickness [42]. In the
field, water vapor in the PV module stabilizes between 38% - 58% based on climate for a
PET based backsheet and EVA encapsulant [43]. The water vapor transmission rate for
TPT and KPE backsheets used in this work are 2.3 g/m?-day and 2.0 g/m?day,
respectively. The OTR and WVTR dictate the rate of oxygen photobleaching of browned

EVA and hydrolysis of EVA.

19



2.2 Module Metallization in Solar Modules

Solder bond degradation and encapsulant browning are two of the most dominant
degradation modes seen in field-aged modules [6], [29]. Ribbons connect cells within PV
modules and conduct current generated to the electrical terminals in the junction box. These
ribbons consist of a copper (Cu) core covered with a thin (10 um — 30 um) layer of solder.
At solder joints, at least five materials are present: silicon (Si), silver (Ag), Cu, lead (Pb),
and tin (Sn). Solders are primarily used to bond two or more components and must allow
for expansion, contraction, heat dissipation, and electrical signal transmission [44].
Alloying elements improve the thermal and mechanical properties of solders which can
have melting temperature (Twm) as low as 90°C [45]. Solder are typically alloys chosen for
their low melting point. In the electronics and solar industries, SneoPbao is a popularly used,
inexpensive, and reliable solder with a low Tm of 188°C. This composition is close to its
eutectic composition of SnesPbsz, which has a Tm of 183°C [44]. A lamellar structure is
formed when SneoPbso solder cools down which improves fatigue life [46]. Due to
increased awareness of Pb toxicity, lead-free alternatives are being explored. Most of the
solder bond degradation data being collected at various power plants and from accelerated

tests conducted across the world is for SneoPnao solder systems.

Solder bonds degradation is mainly influenced by humidity and heat. In the presence
of humidity, corrosion, and crack formation are possible degradation mechanisms. Under
dry conditions, solder bonds experience thermomechanical fatigue (TMF) and intermetallic
compound (IMC) formation (Fig. 15) [47]-[50] due to elevated fluctuating and static

operating temperatures. Sources of thermal stress include heat generation during daytime
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operation, daily temperature cycles, seasonal temperature cycles and cloud temperature
cycles. Module components like glass, encapsulant, cells, and backsheet are affected by
thermal stress [4]. The physical and chemical changes in the solder material and at the
solder/metallization interfaces due to thermal stresses result in increased series resistance

(Rs), thus decreased fill factor (FF), and output power (Pmax).

Front Cu electrode

Back Cu electrode

Cracks at Sng,Pb,, solder interfaces

(b) e After son'pring N 800 hat130°CinN, ‘
Snnch—f d!‘

Pb-rich — * ’

IMC formation in Sn.,Pb,, solder

Fig. 15. SEM image showing effects of (a) TMF [51] and (b) IMC formation and phase
coarsening induced due to thermal cycling and static elevated temperatures, respectively
[52].
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Fig. 16. Phase diagrams of (a) SnPb [53] and (b) SnBi [54] showing the main phases.

The SneoPba4o alloy has a melting temperature of 188°C and the Sns2Bisg solder has a
melting temperature of 138°C. In this work, the SneoPbaso, Sns2PbssAg2 and SnazBisg the
systems are explored. Therefore the calculations and information presented pertain to these
systems. A near-eutectic composition is chosen for solders due to their desirable

mechanical and thermal properties.

In field operation, the module temperature can fluctuate drastically with the ambient
temperature from day to night (depending on location). As the module warms up and cools
down in the mornings and evenings, the solder bonds experience TMF [47]-[50]. TMF can
be induced by cyclic thermal loads which introduces creep, shear, and tensile stresses
leading to crack formation and growth [43]. The different metals and IMCs formed at the
site of solder bonds experience non-uniform expansion and contraction owing to
differences in coefficients of thermal expansion (CTE). The CTEs of different solders and

IMCs are listed in TABLE II.
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TABLE Il: THERMAL PROPERTIES OF MATERIALS AT A SOLDER BOND.

Material Coefficient of Thermal Melting
Expansion (um-m™*-K™) | Temperature (°C)
Si 2.6 1414
Ag 18.92 961"
Sn 22.0° 231"
Pb 28.92 327"
Cu 16.5° 1085"
Bi 13.42 271"
SneoPbao 24.7° 188'
Sne2PbssAg2 25 — 28° 180/
Sn4Bisg 13.8¢ 138
CusSn 18.2° 676~
CugSns 16.3f 415K
AgsSn 20.09 261’
Ag Busbar 10.4™ Not applicable
Glass g" Not applicable
EVA 180" 90 — 120°

%[55] °[50] °[56] °[57] °[58] [59] 9[60] " [61] '[52] '[62] [63] '[64] ™[65] "[66] °[67]

The effects of alloying metals to form solders are highlighted in the reduced CTEs and
melting temperatures when compared to the elements. Due to the low melting temperatures
(high homologous temperatures), a major failure mode of solder joints is creep [68]. Creep
is a time dependent and permanent deformation occurring due to a constant stress [44]. The
homologous temperature (Tw) is the ratio of the material’s temperature to the material’s
melting point in Kelvin: Ty = T/ Tm and is useful in determining the creep rate. Creep is
observed when the homologous temperature (Th = T/TmeLTing, both in Kelvin) is above
0.4t0 0.5 [68], [69]. Solders experience creep even at 25°C (TH = 0.65 for SneoPbao). There
are three types of creep damage: cracks, void nucleation and growth, and microstructural
degradation. Cracks are formed at lower temperatures whereas voids can be formed under
most conditions. Localized microstructure weakening occurs when recrystallization

localizes the creep strain [70]. It would be erroneous to overlook the effect of
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microstructure on creep and fatigue lifetime of components [50]. Freshly solidified solder
with a fine microstructure has better creep resistance than older solder with a coarser
microstructure [71]. Coarsening of the phase microstructure and a reduction in the
mechanical properties has been reported in solders kept at room temperature for 450 days
[68]. Minimizing creep improves the fatigue life of solders [72]. The creep curve shown in
Fig. 17 has three stages. In primary creep, the decrease in the strain rate observed is usually
caused by work hardening which restricts deformation. In the second stage or steady-state
creep, plastic deformation dominates for metals that are above Tw=0.5. This is the longest
stage of creep. Strain hardening decreases the strain rate and deformation speed whereas
the associated recovery and recrystallization accelerates the creep rate. The constant creep
rate is a balance between strain hardening and recovery. In the third stage, the creep rate
accelerates to result in failure/rupture which can be attributed to microstructural changes
such as grain boundary separation, nucleation and growth of cracks, voids, cavities [44],

[68].
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Fig. 17. A typical creep curve at constant stress and elevated temperature [44].

The x-axis of the creep deformation map can be determined calculating the T of the

solders under consideration as shown in TABLE III.

TABLE Ill: Ty OF SOLDERS USED IN THIS WORK AT TEMPERATURES USED IN THERMAL
CYCLING.

Temperature Homologous Temperature
Condition | Sng;PbasAgz | SneoPbao | SnazBiss
-40°C 0.51 0.51 0.57
0°C 0.60 0.59 0.66
25°C 0.66 0.65 0.73
85°C 0.79 0.78 0.87
95°C 0.81 0.80 0.90
105°C 0.83 0.82 0.92

To determine the y-axis ratio of o/ E, the stress between the different materials at the

solder joint can be calculated as shown below [73].

EZ

1-v,

a=E5:>a(T)=(a1—0!2) (T_Ti) Eg. 3
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where o is the stress, E is the Young’s Modulus, € is the strain. oy and a are the CTEs of
the two layers, v is the Poisson’s ratio, E; is the Young’s Modulus of layer 2, T is the
temperature (K) and T; is the initial temperature (K). Based on Eq. 3, the 0 and the o/ E
was calculated for the different materials at the solder joint. The o/ E range was calculated
to be between 1.39 x 10 — 2.96 x 10 which implies the solder joint can experience

dislocation creep.

100
Ideal Strength
) Dislocation Glide
10—
Dislocation
o/E 10— Creep
Coble Creep Nabarro-
3 (Grain Boundary Herring
(Lattice
Diffusion)
108 I | L I | | L
0.2 0.4 o.6| 0.8|
25°C 100°C

Homologous Temperature T(K)/Ty,(K)

Fig. 18. Creep deformation map of solder alloys. With the operational temperature of
solders being above 0.65 Tw, the grain boundary, lattice diffusion, and dislocation creep is
dominant [68].

The other degradation mode is driven by static elevated temperatures (during daytime)
that cause phase segregation, grain coarsening, and IMC formation [52]. Diffusion driven

IMC formation results in new brittle compounds that lead to cracking [51]. During the
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soldering of cell interconnects, the elevated soldering temperatures induce the formation
of a thin intermetallic layer (0.5 um to 2 um) between the Cu and the Sn [5]. Exposure to
elevated temperatures results in IMC growth during operation. A thicker IMC layer
accumulates creep and affects the thermo-mechanical reliability of solder joints [72]. IMC
formation when combined with TMF, leads to cracking and makes for a fatigue
environment [46], [51]. Phase segregation occurs to reduce the overall system energy and
reach equilibrium. Grain coarsening at solder bonds is induced by static thermal aging at
elevated temperatures and accelerated by cycling thermal testing. The process hardens the
solder joint and significantly affects creep [50]. Fick’s law, which dictates the diffusion of
metal atoms at the solder bonds that result in IMC formation, is dependent on time,

distance, and the diffusion constant.

x* =2Dt where D=D, exp(—%) Eq. 4

In this equation, x is the IMC layer thickness, t is the time, and D is the diffusion
constant. Each solvent-solute pair has a diffusion coefficient. The new compounds formed
are brittle and lead to cracking. The different IMCs formed experience non-uniform
expansion and contraction owing to differences in CTEs and can cause adhesion loss [74].
A single phase matrix with a fine dispersion of lattice pinning particles is most beneficial

to withstand fatigue since it would undergo least microstructural change [46].

Trace amounts of silver is added to the standard SneoPbso solder to improve its

mechanical properties to suppress grain coarsening and limit the diffusion of Ag from the
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Fig. 19. Optical micrographs showing grain coarsening in (a) sample quenched in liquid
nitrogen. (b) by aging at 150°C for 15 hours, the grain size increased significantly [75].

cell to the solder [52], [76], [77]. The activation energy (Ea) for dissolution of Ag (from
the busbar) in SneoPbao solder is 0.65 eV whereas that for Sne2PbssAg2 solder is 1.02 eV
[77]. Despite the advantages of adding Ag, due cost considerations and a lack of durability
concerns, SneoPbao is the popular solder choice for module manufacturers. During soldering
of SneoPhag, a 0.5 um thin layer of CusSns and AgsSn are formed between the Cu-Sn and
the Ag-Sn interfaces, respectively. After 500 hours at 130°C, the CueSns layer had grown
to 1.5 um whereas the AgsSn layer had grown to 10 um [52]. Creep, IMC formation and
TMF are detrimental to the reliability of the solder-metallization system in modules. It is
important to study the SneoPnao solder, Sne2PnssAg2 solder, SnszBisg solder systems due to

their popularity in usage.

To induce TMF and creep, a test with a cyclic thermal profile with a high AT is most
suited. The cycling temperatures causes non-uniform expansion and contraction of the
materials at the site of the solder bond. To induce IMC formation, solder joints are aged

isothermally for extended periods of time. With higher temperatures, more diffusion can
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be seen. However, the testing conditions should be maintained such that runaway

mechanisms are not induced.

One of the ways to detect the infant mortality issues in fresh PV modules, cell
interconnect ribbons, and solder bonds is through tests defined in IEC 61215 (design
qualification and type approval standard for terrestrial PV modules) [36]—thermal cycling
and damp heat (TC200 and DH1000). Correlating the TC200 or DH1000 test durations of
fresh modules directly to years of field exposure is not practically possible. This is because
life-limiting degradation modes a module experiences in the field are dependent on several
factors which are influenced by the wear out properties of materials, their interfaces, and
field-specific conditions—and not just the module design itself. When field-exposed
modules undergo accelerated testing, the normal-life degradation experienced thus far
moves to wear-out failure degradation. Field-specific end-of-life (last 5 — 10 years of a
module’s life) degradation and failure modes can be replicated with accelerated stress
testing of modules that have already been exposed to specific field conditions. The Ea
calculated from accelerated stress testing of fresh modules pertains to early-life and normal

life degradations and not end-of-life degradations.

The Ea for TMF and IMC formation can be calculated from the slope of an Arrhenius
plot with the y-axis being TMF damage (0.12 eV) [48], creep (0.46 eV) [50], and IMC
layer thickness measured via electron microscopy (0.89 eV — 1.34 eV) [52]. Each data point
on the Arrhenius plot represents solder bond degradation at a specific temperature (x-axis).
Based on DH1000 testing, an Ea value of 0.89 eV has been calculated by Kimball [78] for

solder bond degradation.
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CHAPTER 3: EXPERIMENTAL METHODOLOGY

3.1 Characterization Methods

TABLE IV: LisT oF MODULE-LEVEL CHARACTERIZATION TECHNIQUES USED ALONG WITH THEIR SIGNIFICANCE

mrcooZ

rm<mr

Relevant to
Method Information Obtained Significance Encapsulant | Solder Bond
Browning |Degradation
UV Fluorescence Extent of encapsulant Quickest way to (.jEtECt v
L . encapsulant browning and
(UVF) imaging browning L
delamination
Electrical performance Electrical parameters of the
Light I-V (LIV) P module for degradation rate v v
parameters o
determination
Dark I-V (DIV) Dlode_p_aramgters and | Enables calculatl_on of series and v
parasitic resistances shunt resistances
Electroluminescence | Dead cell areas and poor | Identifies electrically inactive and v
(EL) imaging metallization less-active areas
Indoor Infrared (IR) Heat proflle_of the Reveals hotspot issues in dark v
L module with injected S
imaging ; conditions
carriers
Heat profile of the . .
Outdoor IR imaging module with generated Reveals hotspot ISSUES under light v
carriers conditions
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Quantifies the intensity of

Colorimetry Yellowness Index (Y1) X v
encapsulant browning
Relevant to
Method Information Obtained Significance Encapsulant | Solder Bond
Browning | Degradation
Light reflected from the Changes in reflectance can be
Spectral Reflectance glass, encapsulant, and | indicative of the reflectance status v

cell is measured

of the encapsulant and interfaces

Scanning Electron
Microscopy (SEM)

Highly magnified
images, layer
thicknesses, and areas

Microstructural features indicate
changes in morphology

Energy Dispersive
X-ray Spectroscopy
(EDXS)

Compositional analysis
through line-scans and
area-maps

Formation of intermetallic
compounds and phase segregation
track degradation in solder
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TABLE V: LIST OF CELL-LEVEL CHARACTERIZATION TECHNIQUES USED ALONG WITH THEIR SIGNIFICANCE

rrmo

rm<mr

Relevant to
: . N Solder
Method Information Obtained Significance Encapsulan Bond
t Browning Degradation
Quantum Number of carriers The local cell QE can help
Efficiency (QE) collected divided by deconvolute cell-level/module- v v
Measurements photons injected level degradation mechanisms
LIV parameters of lss, Voo, Ind|V|(_ju§1I cells’ electrical data v
within a module could
Imp, Vmp, FF, and Pmax - -
. deconvolute packaging issues
Solar Simulator
DIV parameters of Rs and The Rs and Rsh of cells can be
indicative of solder bond v
Rsh .
degradation




3.1.1 Ultra-violet Fluorescence (UVF) Imaging

Encapsulant browning is difficult to detect visually unless severe. The quickest method
to objectively detect encapsulant browning is through UVF imaging. This method was first
reported in 2000 [79]. The chromophores formed in the encapsulant fluoresce when UV
light between 375 nm — 395 nm is incident. The chromophores absorb the UV light and get

excited. They emit light in the visible range when they get de-excited as shown in Fig. 20.

(a) Absorption || (b) Emission
Spectrum Spectrum

Relative Intensity

<+ UV Wavelength Wavelength [IR-»

Fig. 20. Schematic representing the (a) absorption and (b) emission spectra of
chromophores [80].

Fig. 21 shows a schematic of the UVF imaging set-up along with an image of the set-
up at our lab. Two arrays of 15 UV Beast lamps each were angled at 45° towards the
module surface to minimize any glare/reflection from the module. The visual photograph
was taken perpendicular to the module plane. The set-up provides a uniform and bright
light source, making UVF imaging fast, non-contact and low cost. The system can be

modified to image large areas in PV power plants.
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Array 1: UV
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L light source

Camera

Fig. 21 (a) Schematic of UVF imaging set-up with two UV light source arrays angled
towards the module. The module emits visible light. (b) Photograph of the set-up with the
UV arrays.

3.1.2 Light current-voltage (LI-V) Curve Tracing

Light I-V curves are the most important tool to identify the reliability and durability
issues along with other installation issues. In addition to performance parameters, the shape
of the IV curve provides information about the status of the module. In Fig. 22, the different

dotted lines are indicative of issues with the module/string.
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Fig. 22 A typical IV curve with some common anomalies (dotted lines) highlighted in a
graph by Solmetric [81].

TABLE VI: INTERPRETATION OF |-V CURVE SHAPES BASED ON FIG. 22

Curve

Interpretation

1 Partial shading, mismatched modules, cracked cells, non-uniform soiling

Low s that can be caused by from uniform soiling

low Vo that can be caused by shorted bypass diode

Rounder knee that could indicate cell degradation

Low Vmp/Vo ratio that can be caused by increased series resistance

o (OB W|IN

Low Imp/lsc ratio that can be caused due to slight current mismatch in
modules, tapered shading, or soiling across modules

For modules in this work, I-V curves were taken at different module temperatures to

aid the calculation of temperature coefficients. The modules were first cooled to about 15°C

and then placed on a two-axis tracker facing the sun. As the module temperature increases,

a series of curves were taken at irradiances greater than 800 W/m?. Two calibrated

reference cells were used as irradiance sensors and mounted coplanar to the test modules.

The interpolation method of translation mentioned in the Solar ABCs report was used [82].

I-V curves were recorded from 20°C — 35°C to obtain temperature coefficients and the
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curve closest to 25°C was translated to STC. For all IV curves in this work, a DayStar IV
curve tracer, a calibrated reference cell from PV Measurements, and another calibrated
reference cell from IMT Solar were used with IVPC software to obtain the curves. T-type
thermocouples with an accuracy of £1°C were used to measure the module and ambient

temperature.

3.1.3 Dark Current-Voltage (DI-V) Curve Tracing

Dark 1-V characterization sheds light on the junction quality, grid, and contact

resistances of a module [83].

I
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“—~ dVv
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mp v,
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v Ro(V2) =3 |,

Fig. 23. Schematic of dark I-V and light 1-V [84]. The inverse slope at Voc gives the series
resistance (Rs) and that at Isc gives shunt resistance (Rsh).

The series resistance (Rs) and shunt resistance (Rsh) of a module can be calculated as
the inverse of the slopes near the open-circuit voltage (Vo) and the short-circuit (lsc),
respectively (Fig. 23). The module is connected in forward bias to a current-limited DC

power supply. Current equivalent to the module Isc is set on the power supply and the
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voltage is increased slowly. A Kepco power supply (KLP 75-33) was used with a current

shunt to measure the current flowing through the module in terms of a voltage drop.

3.1.4 Electroluminescence (EL) Imaging

Electroluminescence imaging is based on radiative recombination of excited charge
carriers in the cells. It allows for detection of defects such as cracks, metallization
degradation, and junction shunting that are not seen in the visual photographs (Fig. 24).
Current equivalent to the module Isc was injected into the module in forward bias with a
current-limited DC power supply (Kepco KLP 75-33). Images from an NIR sensitive

Sensovation camera (HR-830) were obtained with 60s — 180s exposure.

Dead cell area

ih “ i
e 1

i
i

!

Cell cracks

Fig. 24. Typical EL image showing cell cracks, isolated dead-cell regions, and cell issues
[85].

3.1.5 Infra-red (IR) Imaging

IR imaging allows to detect defects such as hot cells and hot spots that are not visible
otherwise (Fig. 25). The difference between indoor and outdoor IR imaging is in the

direction of electron flow. To take indoor IR images, current equivalent to the Isc was
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passed through the modules for 5 minutes after which the image was taken with an infrared
camera. For outdoor IR, the short-circuited module is placed in the sun and images are
taken after 5 minutes. Here, the electrons generated in the cell and go into the metallization

of the cell. For both types of IR imaging, Fluke Ti55 was used.

Fig. 25. IR imaging highlighting relatively hotter cells that could indicate issues with cell
metallization [86].

3.1.6 Colorimetry

Color can be measured as a combination of its individual components by a technique
known as colorimetry. The most common example is colors expressed as varying levels of
red, green, and blue on a scale between 0 - 255. Black is (0,0,0) whereas white is (255, 255,
255). Other common color spaces include CIE, HSV, XYZ, Lab, and Lch. In this work, a
yellowness index (Y1) was calculated by the colorimeter based on the XYZ values as listed

below (Fig. 26).
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(100(C, X -C,Z))

Yl =
v Eq. 5[88]

An X-Rite Ci60 series colorimeter was used to measure the Y1 after being calibrated

with a black and a white reference.
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Fig. 26. Components of the X, Y, and Z color space [89].

3.1.7 Spectral Reflectance Measurements

Spectral reflectance measurements serve as an indicator for light being reflected from
the solar cell through the glass and encapsulant. Reflectance measurements were obtained
for the same spots as that of the QE measurements. Reflectance was measured using a
handheld UV-Vis-Near IR Spectrophotometer of ASU-PRL on the various spots of each
module. Reflectance plots were obtained for each of the pre-determined spots by taking the
median of ten measurements to reduce the error margin. These measurements provide us
with a relative reflectance across the UV-Vis-Near IR spectrum giving us information on

spot-dependent browning level and Isc drop. A sharp drop below 400 nm is indicative of
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presence of cerium oxide material in the glass, which acts as a UV absorber reducing the

browning rate of encapsulant.

3.1.8 Scanning Electron Microscopy and Energy Dispersive X-ray Spectroscopy

Optical microscopes facilitate magnified imaging of samples but the feature size
detectable (~ 0.2 um) is limited by the wavelength of light. Since scanning electron
microscopes (SEM) use an electron beam, much smaller feature sizes can be imaged (sub
nanometer). SEM is vital in examining materials at a micro-scale. Changes in bulk material
properties can be linked to microstructural changes. Once prepared by mounting and

polishing, samples are imaged by a focused electron beam rastering the area of interest.

Energy dispersive X-ray spectroscopy (EDXS) is a method of detecting elements in
samples. The primary electrons from the rastering beam knock out electrons from the atoms
of the sample emitting X-rays. A detector is able to identify the atoms from the sample
based on X-ray energy levels unique to elements. EDXS surface maps can be obtained by
rastering the beam across the sample. By calibrating the X-ray emission to standard
samples, the atomic composition analysis can be performed. Imaging and EDXS
compositional analysis were performed on a ZEISS AURIGA microscope, equipped with

an Oxford Instruments X-Max™ spectrometer.

3.1.9 Quantum Efficiency (QE) Measurements

The efficiency of a module is dictated by the cell with lowest efficiency. Even within
a cell, local efficiency differences can be identified by quantum efficiency (QE)
measurements. QE, being the ratio of electrons collected to the incident photons, reveals

the status of the measurement spot on the cell with respect to individual wavelengths (Fig.
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27). The equipment available at ASU-PRL is a one of a kind that allows the QE of a cell
within a module to be measured without the need of cutting backsheet to access the cell

individually.
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Fig. 27. Representative QE curve of a typical solar cell [87].

When the low power density monochromatic beam spot is on a specific cell in the
module, that cell is forward biased, but the surrounding cells are reverse biased. To counter
the reverse biasing, a light bias of 200W/m? is used to forward bias the surrounding cells.
This in turn results in the cell of interest being reverse biased due to very low power density
of the monochromatic light. To counter the reverse biasing of the cell of interest, a bias
voltage is applied across the whole module. This causes the whole module to be in forward

bias allowing the electricity generated from the spot to be measured. The current generated
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in the module due to the bias lights is constant. A chopping wheel is used in the pathway
of the beam. The electricity generated from the beam in the cell of interest to be discrete
allowing for easier identification. From this, the QE can be calculated as the number of

photons incident on the module is known.

3.1.10 Cell-level LI-V and DI-V Measurements

The performance of a module is limited by the least performing cell in the string. For
individual cells within modules and 9-cut-cell samples, 1-V measurements were obtained

with a class AAA PV Measurements solar simulator as seen in Fig. 28.

e

Fig. 28. Image of the class AAA continuous solar simulator at PRL in use. The incident
beam is centered on the cell.

A method of individually accessing multiple cells within a module was used in this
work. While invasive, the method does not damage the cell or the module. It increases the

number of data points for each condition set leading to statistical significance. The ribbon
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between two cells was identified and marked on the backsheet. The backsheet and the back-
EVA layer of the module was cut with a scalpel and melted away with a soldering iron to
reveal the cell interconnect. The cell interconnects, after being cleaned by flux, were
soldered to ribbons as seen in Fig. 29b-1. With two busbars in each cell, two ribbons were
soldered. After allowing for strain relief (Fig. 29b-2), these ribbons were in turn soldered
to each other to form one point (Fig. 29b-3) for consistency in all cell-level measurements.

The exposed areas were then sealed with silicone sealant to prevent humidity ingress.

Fig. 29. (a) Image of the backside of a module with cells cut. (b) Close up of one cell where
(1) the Al tape, backsheet, and back EVA were cut to access the cell interconnect. After
soldering the ribbons, the site was covered with silicone paste to prevent moisture ingress.
(2) The soldered ribbons were taped down on Kapton tape (used for insulation) to give
strain relief. (3) The two positive/negative ribbons from each cell were soldered together
to have one point used for consistent measurements.
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3.2 Activation Energy Calculation

Models used in calculations and analyzing the data obtained are presented here. The

Arrhenius model was used extensively in this work to calculate the Ea.

3.2.1 Arrhenius Model

Every temperature dependent chemical reaction has a minimum required energy for
completion known as the activation energy (Ea). Many chemical reactions are

exponentially dependent and can be expressed as

E
Arrhenius model: f(T): AeXp(‘ﬁj Eq. 6

where Kk is the Boltzmann constant, A is the pre-exponential factor, E, is the activation
energy and T is the absolute temperature. The Ea can be calculated from the slope of the In
(degradation rate) against inverse absolute temperature [90], [91] (Fig. 30). Based on the
Arrhenius model, the Ea for encapsulant browning and solder bond degradation can be
calculated. Each data point represents the natural log of the average of Isc or Rs data from

multiple cells in multiple temperature zones within a single module.

Intercept =In (A)

Slope = (- E,/R)

In(Time to Failure)

(1/Temperature) (K1)
Fig. 30. Representative Arrhenius plot from which the activation energy can be calculated.
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3.3 Qualification tests as prescribed in IEC 61215

The qualification tests regarding photovoltaic module reliability in the International
Electrotechnical Commission (IEC) standards [92] identify design, material, and process

flaws, which lead to infant mortality failures.

3.3.1 UV Pre-Conditioning [92]

The standard mandates a 15 kWh/m? UV exposure on the glass superstrate that aims at
testing the interfacial bonds between the glass, encapsulant, and the cell. The module
temperature should be 60°C £ 5 during the test with the irradiance between 280 nm — 400
nm not to exceed 250 W/m?. Between 3% - 10% of the wavelength band should be in the

280 nm — 320 nm range.

3.3.2 Thermal Cycling (TC200) [92]

Thermal cycling aims to identify issues with the module metallization. A cycle has the
following features i) goes from a low temperature of -40°C till a high of 85°C to mimic
extreme temperatures, ii) has a minimum dwell time of 10 minutes at -40°C and at 85°C to
ensure thermal equilibration, iii) injected lsc-equivalent current to mimic normal operating
conditions, and iv) has a maximum cycle time of 6 hours, and v) a maximum ramp rate of

100°C/hour to ensure realistic ramping rates and cycling times.
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3.4 Accelerated Stress Testing to Induce Encapsulant Browning and Solder Bond

Degradation in Field-Aged Modules

3.4.1 Studying Encapsulant Browning in Field-Aged Modules

Encapsulant browning is a degradation mechanism that can be hard to detect visually
unless severe. To study it, encapsulant browning needs to be replicated in controlled
conditions. The three main factors that affect encapsulant browning are UV light, humidity,
and temperature. In our approach, multiple experiments were carried out with field-aged
modules and fabricated coupons to investigate the effect of each of the factors on
encapsulant browning. The overall goal of the project was to determine the acceleration

factor for UV tests that would help predict browning rates for other climates.

Methodology

The first step in this project was to create databases with which the results of the
experiments could be compared. Two databases—an accelerated testing and a field test—
were curated with the help of the Dr. Dirk Jordan of the National Renewable Energy
Laboratory (NREL) in Colorado. The databases are available for public access on the ASU
PRL website. The accelerated testing database contains information of 236 modules from
29 manufacturers that underwent TC200 and DH1000 tests. The field test database
includes information from two climate types (hot dry and cold dry) for close to 1500
modules. The field database also includes 6100 data points curated by NREL from 71
literature sources. Only data from sites older than 10 years have been considered due to

two reasons: to decrease the influence of nameplate tolerances on degradation rate
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calculation and to decrease the measurement uncertainty on degradation rate calculation.

The parameters/elements present in the accelerated and field test databases are listed below.

TABLE VII: SUMMARY OF THE FIELDS OF THE ACCELERATED AND THE FIELD DATABASES.
GREY BOXES INDICATE INAPPLICABLE OR UNAVAILABLE DATA

Accelerated Field
Element/Parameter database database
DH1000| TC200 ASU

1 Accelerated test name v v

2 Percent degradation after stress test v v

3 Annual degradation rate in the field v
4 Technology type v v v
5 Construction type v v v
6 Field classification name v
7 Nameplate rating data v v v
8 Measurement uncertainty v v v
9 | Nameplate deviation from measured data| v/ v

10 Manufacturer name v v v
11 Manufactured year v v v
12 Tested year v v v
13 Installed year v
14 Visual defect name v v v
15 Framed/ frameless v v v
16 Encapsulant type v v v
17 Backsheet type v v v

=

©)

Fig. 31. (a) Photograph of the outside of the UV chamber along with the power controller.
Photograph inside the UV chamber (b) without the UV lamps on and (c) with the UV lamps

on.
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ASU-PRL procured and commissioned a walk-in UV chamber to enable exposure of
commercial sized modules to UV light as shown in Fig. 31. To study browning in the end-
of-life stages of modules, field-aged modules were exposed to UV light to induce further
browning. For the accelerated UV exposure, modules from two manufacturers were
considered: MSX 60 of Solarex and M55 module of Siemens. The polycrystalline Si MSX
60 modules and the monocrystalline Si M55 modules were exposed in Mesa, Arizona for
21 and 18 years, respectively. Three Solarex modules (MSX 60, exposed in Arizona for 21
years), three Siemens modules (M55, exposed in Arizona for 18 years) were obtained. One
fresh module of the same construction from each manufacturer were also included in the
test. The eight modules that were exposed to 450 kWh/m? of UV dosage can be divided
into two categories based on manufacturer. Each category had a fresh module and three
field-aged modules. All field-aged modules had aluminium (Al) tape on the backsheet to
prevent oxygen diffusion and hence oxygen photobleaching. To measure the module
temperature, K-type thermocouples (£2°C) were placed on the module backsheet below the

Al tape and the foamboard as shown in Fig. 32.

All eight modules were characterized with various non-destructive methods before,
during, and after exposure to 450 kWh/m? of UV dosage between 300 nm — 400 nm at
elevated temperatures. The Qualification Plus guidelines suggests 225 kWh/m? of UV
dosage for encapsulants. Double the recommended exposure was chosen for our

experiments to truly bring out end-of-life failure mechanisms.
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MSX 60

Fresh Low T Mid T HighT
Field-aged: Al tape on backsheet
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Field-aged: Al tape on backsheet

[ Foamboard \

Q” Ins. ” Ins. / .5” Ins. 27 Is.\

§

Fig. 32. Images of the prepared (a) MSX 60 and (b) M55 modules that underwent 450
kWh/m? of UV eposure.
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To maintain consistency throughout the project, a system of identifying the cells and
spots was established. For all the characterizations carried out, the junction box was
consistently placed to the right. An alphanumeric grid was used to identify the cells as seen

in Fig. 33.
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Fig. 33. Schematic showing the alphanumeric system used to identify cells in the modules.
For (a) MSX 60, the junction box was placed to the right during imaging characterizations.
For (b) M55 modules, the positive junction box was maintained on the right during imaging
characterizations.

Intermediate characterizations help track the extent of degradation during the course of
the accelerated stress testing. One data point per temperature can be obtained with each
module maintained at a different temperature. To increase the data points, after 326
kWh/m? of UV dosage, about 16 cells from each of the six field-aged modules were
individually accessed. The individual cells of the field-aged modules were measured, and
the UV exposure was continued until 450 kWh/m? was achieved. After the UV exposure

all the characterizations (except QE) were repeated.
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Encapsulant Browning Degradation Rate Prediction

The data from the multiple cells in each of MSX 60 and M55 modules were used to
calculate an Ea based on the Arrhenius plot Fig. 30. The Ea was used in calculating the
acceleration factor (AF) which is a ratio of the degradation rates in accelerated tests to that
in the field or between two fields.

_ Rd. Iy (ACC. TEST)

AF
Rd. I (FIELD)

Eq. 7

Rd. I (FIELD 1)

AF =
Rd. I (FIELD 2)

Eqg. 8

For predicting the degradation rates, the Arrhenius model is modified to include a UV

term

E
Modified Arrhenius model: f(T,UV )= AeXp(—ﬁJUV” Eg. 9

where A is the pre-exponential factor, Ea is the activation energy, k is the Boltzmann’s
constant, T is the temperature in Kelvin, UV is the UV irradiance in W/m?2. n is the UV
exponential factor and is taken as 0.6 [93]. The modified Arrhenius model accounts for the
UV light stressor. The AF can be defined in two ways: 1) the ratio of the time to failure in
the field test to the time to failure in another field or 2) the ratio of the stress rate in the

accelerated test to the field test.
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Accelerated Test to Field (A2F) Approach

Using the Ea obtained, the degradation rate for the field can be predicted based on

AF[L] exp(_z(i_ 1 ]j £q. 10
UVFIELD k TACC TFIELD

where the m is taken as 0.6. The calculated AF was equated to the ratio of Isc drop in

the accelerated test to the Isc drop in the field. A degradation rate can be predicted for each
module that underwent testing based on module lsc drop during the test, module

temperature during the test, and weather data.

Field to Field (F2F) Approach

The calculated Ea was used to predict the degradation rate for one field based on the
conditions of another. The Arizona field conditions were considered to be the accelerated

environment for encapsulant browning.

AF (L] exp(_g(i_ 1 B cq. 11
UVFIELD k TAZ TFIELD

Using this approach, the degradation rate was predicted for New York and validated

with measurements from modules exposed in New York.
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3.4.2 Studying Solder Bond Degradation in Field-Aged Modules

Solder bond degradation affects the power output of a module. To study it, solder bond
degradation needs to be replicated in controlled conditions. The two main solder bond
degradation mechanisms are i) thermomechanical fatigue (TMF) caused due to different
CTEs of the different materials and ii) intermetallic compound (IMC) formation driven by
diffusion. As part of the Correlation of Qualification Testing with Field Degradation
project, field-aged modules were stress tested in a modified thermal cycling test. A
modified thermal cycling test aimed at inducing both degradation mechanisms was carried
out. The overall goal of the project was to determine the acceleration factor for thermal

cycling tests that would help predict the solder bond degradation rates.

Methodology

Two glass/backsheet construction, field-aged modules were used in the study. The
Solarex MSX60 module with 36 polycrystalline silicon cells was field-aged for 21 years in
Phoenix, Arizona. The Siemens M55 module with 36 monocrystalline silicon cells was
field-aged for 18 years in Phoenix, Arizona. The MSX60 module has the standard SneoPbao
solder-coated ribbon with a layer of additional Sne2PbssAg2 solder where the ribbon was
hand-soldered to the Ag busbars (both front and back). This information was obtained
through personal communication with a high-level ex-employee of Solarex. The M55

module has no Ag in its solder with its ribbons coated with the standard SneoPbag solder.
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Fig. 34. Schematic representing the Low T, Mid T, and High T zones of the (a) MSX60
module and the (b) M55 module. The grey boxes represent cells not covered by the blankets
and are excluded from data analysis. Six temperature controllers with six attached
thermocouples were used to control the six individual heating blankets. (c) The temperature
and current injection profiles of the modified thermal cycling test. Three zones in each
module were maintained at different temperatures during the 15-minute dwell time using
three thermally-separated but individually-controlled thermal blankets. Current equivalent
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to the module Isc was injected into the module when the chamber temperature was above
25°C.

The test modules were placed in a walk-in environmental chamber capable of
controlling various ambient temperature and humidity levels. Each module was divided
into three sections: low temperature (Low T), middle temperature (Mid T), and high
temperature (High T) zones Fig. 34a and b. The backsheet of each zone was in contact with
an electric heating blanket with feedback from the K-type thermocouples to help maintain
multiple temperature sections with proportional-integral-derivative (PID) controllers. The
thermal and current injection profiles of the modified TC test is shown Fig. 34c. The
temperature settings of the electric blankets were adjusted to achieve 85°C, 95°C, and
105°C for the Low T, Mid T, and High T zones, respectively for both modules.
Additionally, current equivalent to the short-circuit current (Isc) of the module was passed
through the modules when the chamber temperature was above 25°C. The MSX60 module
underwent TC800 whereas the M55 module underwent TC400 due to time constraints and

this is considered in the interpretation of results.

Both modules were characterized extensively before, during, and after the modified-
TC test with module-level light current-voltage (I-V), dark 1-V, electroluminescence (EL)
imaging, and outdoor infrared (IR) imaging. For EL imaging, the current equivalent to the
module Is (at the start of modified TC) was injected and the image was captured over a 60
s exposure time. For outdoor IR imaging, the modules were placed on a two-axis tracker
normal to the sun under short-circuit conditions for five minutes before taking images. All
cells in both modules were accessed individually and their Rs values were determined with

dark I-V. The method of individually accessing cells has been elaborated upon in a previous
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paper [94]. With more data points per temperature zone, the statistical confidence in the
test results increases. The cell-level measurements were used to calculate the E, for solder

bond degradation.

After the TC testing, busbar-solder samples from both modules and all three
temperature sections were cut with a Dremel tool. To fully explain the reported
observations, spots of interest on the busbars were chosen based on EL images. The
samples were encased in epoxy, polished, and Au/Pd coated for SEM imaging and EDXS
analysis. Images were obtained on a ZEISS AURIGA microscope, equipped with an
Oxford Instruments X-MaxN spectrometer. Images were taken at a working distance of 8
mm and operating voltage 15 kV. ImageJ was used to analyze the Scanning Electron

Microscopy (SEM) images and Energy Dispersive X-ray Spectroscopy (EDXS) maps [95].

Solder Bond Degradation Rate Prediction

Using the cell level data, an Ea was calculated through the Arrhenius model. The Ea was
used to calculate the AF from the Field environmental factors obtained from the TMY

database [96].
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3.5 Accelerated Stress Testing to Induce Encapsulant Browning and Solder Bond

Degradation in Freshly Fabricated 9-cut-cell Samples

With modules being used for testing, each module yields one data point. To increase
the number of data points available, individual cells were accessed. To study the initial
stages of encapsulant browning from UV exposure in samples with different module
components, one-cell samples were used. Each one-cell mini-module yields one data point.
To increase the data points available, one cell was cut into nine pieces and soldered as
shown in Fig. 35. The laminate stack of the samples is as follows: i) a 203.2 mm x 203.2
mm Solite tempered glass superstrate, ii) UV-cut or UV-pass EVA, iii) mono-crystalline
silicon cell (156 mm x 156 mm) with three busbars was cut into nine pieces (52 mm x 52
mm) and soldered for individual access, iv) UV-cut or UV-pass EVA, and v) a polymer
backsheet (either TPT or KPE). The nine cell pieces had an average spacing of 11 mm —
12 mm between each other and the edge of the glass. The samples were laminated at 150°C

in vacuum for 20 minutes.
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Fig. 35. Maximizing data points available from one cell by cutting the cell and then
laminating it individually.

The 9-cut-cell samples were used in four studies with different components in the
laminate stack. The EVA type (UV-cut or UC-pass), the cell interconnect type
(Sne2PbssAg2, SnsoPbao, SnazBiss), and the backsheet type (TPT or KPE) were different for
each of the four projects presented. The samples were exposed to a combination of
accelerated UV irradiance (UV), elevated temperatures (T), and relative humidity (RH).
Studies were carried out with varying encapsulant, backsheet, solder type, and stressor

combinations.

All samples were characterized before, during, and after exposure to stressors via i)
UVF imaging, ii) LI-V and DI-V measurements, iii) reflectance, iv) colorimetry
measurements, v) EL imaging, vi) IR imaging, and vii) visual imaging. For colorimetry

and reflectance measurements, 18 spots per 9-cut-cell sample were measured as shown in

Fig. 36.
®
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Fig. 36. Schematic showing the spots where colorimetry and reflectance measurements
were obtained for all 9-cut-cell samples
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3.5.1 Studying Encapsulant Browning in 9-cut-cell Samples UV-T exposure of 9-cut-cells

with either UV-cut and UV-pass EVA above and below the cell [97]

Two sets of four 9-cut-cell samples with a glass/TPT backsheet construction were
fabricated for this project. Two 9-cut-cell samples of each type were designated as control
modules and remained unexposed to stressors. Six 9-cut-cell samples (three from each
EVA type) were stress tested in an accelerated UV chamber at multiple temperatures
through passive heating. Characterizations were carried out before, during, and after the

UV exposure.

TABLE VIII: SUMMARY OF SAMPLE PARAMETERS AND STRESSORS OF ACCELERATED UV
EXPOSURE AT ELEVATED TEMPERATURES

Parameter Details
Setl Set2

« | Encapsulant above cell UV Cut UV Pass
?EJ. Metallization SneoPhao SneoPbao
& Encapsulant below cell UV Cut UV Pass

Backsheet type TPT TPT
5 Accelerated UV 800 kWh/m?
g Elevated Temperature Yes Yes
& Relative Humidity No No

9-cut-cell samples with UVC EVA (UVC1, UVC2, and UVC3) or UVP EVA (UVP1,
UVP2, and UVP3) were exposed to accelerated UV light with a T-type thermocouple
attached to the backsheet (below the middle cell) to monitor the temperature. The backsheet
and the 9-cut-cell sample edges were covered with aluminium (Al) tape to prevent oxygen
diffusion through the backsheet. To obtain multiple temperatures, foamboards of different
thicknesses were placed on the Al tape attached to the backsheet (Fig. 37). The UVCL1 and

UVP1 samples had Al tape but no insulation on the backsheet. The UVC2 and UVP2
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samples had Al tape and 0.5” thick insulating foamboard on the backsheet. The UVC3 and

UVP3 samples had Al tape and 2” thick insulating foamboard on the backsheet.

No insulation 0.5” insulation 2” insulation

Fig. 37. Images of samples with no insulation on the UVC1 and UVP1 9-cut-cell samples,
half-inch think foamboard insulation on the UVC2 and UVP2 9-cut-cell samples and two-
inch thick foamboard insulation on the UVC3 and UVP3 9-cut-cell samples.

The advantages to the above approach include i) in one walk-in UV chamber, multiple
temperatures were obtained via passive heating while other samples underwent regular UV
exposure, ii) all the data required was obtained in one experiment, and iii) multiple cells

per sample increases the statistical significance in the results and the confidence in analysis

The samples were exposed to a total of 800 kWh/m? of UV dosage with the following
characterizations every 200 kwWh/m? i) UVF imaging, ii) LI-V and DI-V measurements,
iii) reflectance, and iv) colorimetry measurements. The Isc measurements for all six samples
were taken after 600 kWh/m? and not after 800 kWh/m? due to unavailability of the solar

simulator.
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3.5.2 Combined UV-T-RH Accelerated Testing of PV Modules: Reliability of UV-Cut

and UV-Pass EVA Encapsulants [98]

Two sets of four 9-cut-cell samples with a glass/TPT backsheet construction were
fabricated for this project. Six 9-cut-cell samples from both sets were stress tested in an
accelerated UV chamber at multiple temperatures while being exposed to relative
humidity. Two samples of each type were designated as control modules. Characterizations

were carried out before, during, and after the UV exposure.

TABLE IX: SUMMARY OF SAMPLE PARAMETERS AND STRESSORS OF ACCELERATED UV
EXPOSURE AT ELEVATED TEMPERATURES WITH HUMIDITY

Parameter Details
Setl Set2
« | Encapsulant above cell UV Cut UV Pass
?EJ. Metallization SneoPbao SnegoPbao
& Encapsulant below cell UV Cut UV Cut
Backsheet type TPT TPT
5 Accelerated UV 200 kWh/m?
g Elevated Temperature Yes Yes
& Relative Humidity Yes Yes

Each of the six samples in the accelerated stress test had a T-type thermocouple
attached to the backsheet (below the middle cell) to monitor the temperature. To maintain
the samples at different temperatures, electric heating blankets were used along with a
steam generator to maintain the humidity level based on the feedback from a humidity

sensor as shown in Fig. 38.
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Fig. 39. (a) and (b) Model of the UV-T-RH setup along with (c) and (d) images of the
setup.

The sealed metal enclosure box in Fig. 39 prevents humidity from escaping into the

UV chamber and corroding the UV lamp terminals. There are several advantages to this
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unique approach: i) In one walk-in UV chamber, multiple temperatures were obtained via
active heating while other samples underwent UV exposure, ii) All the data required was
obtained in one experiment, iii) Multiple cells per sample increases the statistical
significance in the results and the confidence in analysis, iv) 9-cut-cell samples are exposed
simultaneously to elevated temperatures, concentrated UV light, and humidity during the
test

The samples were exposed to 200 kWh/m? of UV dosage with the following
characterizations carried out before and after the exposure i) UVF imaging, ii) LI-V and

DI-V measurements, iii) colorimetry measurements, and iv) reflectance measurements.
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3.5.3 Combined UV-T-RH Accelerated Testing of 9-cut-cell Samples

Two sets of ten 9-cut-cell samples were fabricated each set with a different backsheets.
All samples had metallization with three different solder bond compositions and UV Pass
EVA above the solar cells and UV Cut EVA below the solar cells. One sample from each

set was designated as the control module.

TABLE X: SUMMARY OF SAMPLE PARAMETERS AND STRESSORS OF ACCELERATED UV
EXPOSURE AT ELEVATED TEMPERATURES WITH HUMIDITY

Parameter Details
Setl Set2
° Encapsulant above cell UV Pass UV Pass
E. Metallization Pb4oSnso, PbasSnes2Aga, ShaoBisg
& Encapsulant below cell UV Cut UV Cut
Backsheet type TPT KPE
5 Accelerated UV 225 kWh/m?
g Elevated Temperature Yes Yes
& Relative Humidity Yes Yes
14 samples
¥ ¥
2: Control 6: UV-T 6: UV-T-RH
H H B
1 TPT and 3 TPT and 3 TPT and
1 KPE 3 KPE 3 KPE

Fig. 40. Distribution of samples for accelerated UV exposure at elevated temperatures with
and without humidity.

Samples within each set of six were maintained at three temperatures to aid in
calculation of activation energies for encapsulant browning and solder bond degradation.
The six samples that underwent UV-T exposure consisted of three samples with TPT

backsheet and three samples with KPE backsheet. Heating blankets were used to maintain
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three temperatures. Each temperature blanket is for one set of samples with TPT and KPE
backsheets. A similar sample set UV-T-RH exposure. All samples underwent the following
characterizations before and after accelerated testing i) EL imaging, ii) Indoor IR imaging,
iii) LI-V and DI-V, iv) colorimetry, v) reflectance measurements, vi) UVF imaging, and

vii) visual imaging.
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3.5.4 Studying Solder Bond Degradation in 9-cut-cell Samples

One set of six samples described in the previous section underwent the modified
thermal cycling profile in Fig. 34c. Heating blankets were used to maintain sample

temperatures at 85°C, 95°C, and 105°C for the Low T, Mid T, and High T conditions.

TABLE Xl: SAMPLE PARAMETERS AND STRESSORS THERMAL CYCLING

Parameter Details
Setl Set2

o |_Encapsulant above cell UV Pass UV Pass
= Metallization Pb3sSnes2Ag2, PbaoSneo, and SnazBiss
(cn% Encapsulant below cell UV Cut UV Cut

Backsheet type TPT KPE
§ Cycling Temperature 500 modified thermal cycles from
S -40°C to 85°C, 95°C, 105°C for 15
& Static Temperature minutes for Low T, Mid T, and High T

Sne2Pb3sAg, SneoPbao Sny2Bisg
1 2 3

Fig. 41. Schematic showing the three solder types in each 9-cut-cell sample used for
accelerated testing.
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Fig. 42. Representation of arrangement of samples during the thermal cycling test
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The parameters in TABLE X1 and Fig. 41 highlight the design aspect of having multiple
solder compositions within one sample. During testing, the samples were arranged as
shown in Fig. 42. Foamboard was used as a base so the samples would not come in contact
with the chamber floor. A silicone heating blanket was placed on a thin metal sheet resting
on spacers. Radiative heating was used to maintain the samples at elevated temperatures
during the hot dwell time of the thermal cycles. The foamboard above the heater prevents
heat loss to the ambient in the Thermotron chamber. No current was injected in the samples
during testing. All samples underwent the following characterizations before and after
accelerated testing i) EL imaging, ii) Indoor IR imaging, iii) LI-V and DI-V, iv)

colorimetry, v) reflectance measurements, vi) UVF imaging, and vii) visual imaging.

67



CHAPTER 4: RESULTS AND DISCUSSION

4.1 Accelerated Stress Testing to Induce Encapsulant Browning and Solder Bond

Degradation in Field-Aged Modules

4.1.1 Studying Encapsulant Browning in Field-Aged Modules

The field and the accelerated test databases can be found on the ASU-PRL website.

The approach of using passive heating to obtain multiple temperatures in accelerated UV
testing was demonstrated (Table V). The combination of solar gain from the UV lamps and
the thermal insulation on the backsheet allowed the field-aged modules to be maintained
at different temperatures. As the insulation thickness on the module backsheet increased,
more heat was retained, and a higher module temperature was obtained in the Mid T and
the High T modules. The small temperature differences between Low T, Mid T, and High
T modules in the M55 set can be attributed to their form factor. This unique passive heating
approach saves both resources and time while data at multiple temperatures were obtained

simultaneously with a single UV chamber run.

TABLE XII: TEMPERATURES OF MSX 60 AND M55 MODULES DURING THE 450 kWh/m?

UV ACCELERATED TEST
Module Avg. Temperature (°C) | Std. Dev. (°C)
o Fresh: No insulation 67.2 3.8
§ Low T: No insulation 60.5 6.4
¥ | MidT: 0.5” insulation 76.8 5.5
= ["High T: 2” insulation 84.9 5.9
Fresh: No insulation 63.8 4.4
3 | Low T: No insulation 75.4 3.9
= | Mid T: 0.5” insulation 80.4 4.6
High T: 2” insulation 82.7 5.0
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Module-level Characterization Results

The pre-and post-stress test characterizations of the eight modules is presented below.
The module-level characterizations presented and analyzed include UVF imaging, module-
level LI-V and DI-V, EL imaging, indoor and outdoor IR imaging. Cell-level data

presented include QE, reflectance, and cell-level I-V.

Ultra-violet Fluorescence (UVF) Imaging

UVF imaging was used to identify the extent and intensity of browning of the modules.
Browning area has been increased with UV exposure and the degree of degradation was
correlated to the module temperature. Modules at a higher temperature exhibited greater
browning in both MSX and M55 field-aged modules as seen in Fig. 43. The fresh modules
of both types showed signs of uniform browning on all cells. The peripheral cells appeared
to be less brown than the center cells of the module. This might be attributed to a small

temperature variation within the module due to its placement within the UV chamber.

Another interesting feature of MSX modules is the streak pattern in the cracked cells
caused by photobleaching of the browned EVA. The cell cracks open the pathways for
oxygen to diffuse through the backsheet and the areas between the cells. Furthermore, the
pattern has not changed post-testing due to the presence of Al tape that acts as a barrier
against oxygen and moisture ingress through the backsheet. The cells in the MSX 60
module are thinner (200 um) than those in the M55 module (300 um) leading to more
cracks during their field-exposure. The difference in image intensity between the pre- and

post- accelerated UV exposure images is due to more lamps being added to the UVF
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imaging setup once the UV exposure had begun. The encapsulant browning reaction was

intensified due to the presence of Al tape on the backsheet of the field-aged modules.

Module

Pre 450 kWh/m? exposure Post 450 kWh/m? exposure

MSX
Fresh
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4961
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Fig. 43. UVF images of modules before and after UV exposure
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LI-V and DI-V curve tracing

The module-level LIV and DIV reflect on the module’s performance. Over time, the
Isc of the modules is expected to drop with an increase in temperature. The extent of s
degradation in MSX modules correlated to their operating temperature in UV exposure

test. Higher temperature accelerates the browning rate, resulting in greater lsc drop.

TABLE XIIl: MoDULE-LEVEL LIV AND DIV PERFORMANCE AFTER 450 KWH/M? OF UV
DOSAGE

ISC
Voc |mp Vmp FF Pmax Rs Rsh

Modules Isc (A) | de
W @] » e w @ @
Fresh | Pre | 4.72 21.70 | 425 | 17.29 | 71.6 | 73.43 | 0.69 | 842
67°C | Post | 468 |0.85|21.60 | 4.25| 17.00 | 71.5| 72.40 | 0.62 | 1012
Low T | Pre | 3.64 21.50 | 3.38 | 16.82 | 72.7 | 56.90 | 0.72 | 3099
< | 60°C | Post | 3.60 |1.09|21.30 |3.33|16.90 | 73.3 | 56.30 | 0.68 | 3094
(é) Mid T | Pre | 3.62 21.35|13.35|16.75 | 725 | 56.14 | 0.88 | 4452
77°C | Post | 3.56 |1.66|21.20 | 3.26 | 17.00 | 73.2 | 55.40 | 0.46 | 12710
High | Pre | 3.62 21.44 | 3.27 | 16.82 | 70.7 | 54.92 | 0.92 | 5036
85-I‘—’C Post | 3.52 |2.76|21.30 | 3.17 | 17.10 | 72.0 | 54.10 | 0.69 | 17465
Fresh | Pre | 10.04 7.26 | 9.12 | 562 | 70.3 | 51.24 | 2.44 | 6667
64°C | Post | 9.71 |3.29| 7.20 |8.80| 570 | 71.4 | 49.70 | 2.64 | 7743
LowT| Pre | 3.14 21.67 | 2.84 | 16.54 | 69.1 | 46.99 | 1.18 | 8024
o | 75°C | Post | 3.06 | 2.54|21.60 | 2.73 | 16.20 | 67.0 | 44.30 | 1.29 | 6229
L‘E’ Mid T | Pre | 3.14 2158 | 2.76 | 15.83 | 64.6 | 43.73 | 1.27 | 6678
80°C | Post | 2.99 |4.77|21.40 | 2.63 | 15.90 | 65.1 | 41.80 | 1.50 | 8062
High | Pre | 3.18 21.68 | 2.83 | 16.34 | 67.0 | 46.20 | 1.23 | 13355
83:‘r’C Post | 3.04 |4.40| 2150 |2.69 | 16.20 | 66.9 | 43.60 | 1.54 | 6261

Electroluminescence (EL) imaging
Fig. 44 shows the EL images of modules taken pre and post UV stress testing. No major
changes were seen in MSX fresh and insulated modules. Few cells in MSX 4968 (Al and

A3) and MSX 4960 (B5 and D1) have darkened regions post-testing, which is likely due
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to the prolonged exposure of modules to high intensity UV light at elevated temperatures
that exerted some stress to the cells in the vicinity of cracks. This led to more opening of

the cracks and aggravated their severity from mode-B to mode-C [99].

Module Pre 450 kWh/m? exposure Post 450 kWh/m? exposure

el T SRE
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4137

Fig. 44. EL images of the modules before and after the UV exposure. Current equivalent
to the module Isc was injected and the image was taken over 60 s.
Indoor infra-red (IR) imaging

MSX modules did not display much change in the thermal images in Fig. 45. However,
the M55 modules exhibited some hot cells. Note that the temperature scale for the pre-

stress test images is 20°C - 35°C, whereas for the post-stress test images it is 18°C - 30°C.
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Fig. 45. Indoor IR images of the modules before and after the UV exposure. The module
was connected in forward bias and current equivalent to the Isc was injected for 5
minutes.

Outdoor infra-red (IR) imaging

Fig. 46 shows the IR images of the module under short-circuit conditions taken on a
clear sunny day, pre and post-stress testing. For all modules, no significant change was
observed, indicating that the UV exposure affected mainly the EVA layer and not the status
of the cells. However, some cells are operating at considerably higher temperatures than
the others around them. These cells have slightly patterned encapsulant browning as seen
in the UVF images, and no cracks as shown in the corresponding EL images. Note that the
temperature scale for the pre-stress test images is 35°C - 60°C, whereas for the post-stress

test images it is 10°C - 50°C.
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Fig. 46. Outdoor IR images of the modules before and after the UV exposure. The
module was placed in the sun under short-circuit conditions for 5 minutes.
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Cell-level Characterization Results

Cell-level characterizations give localized information and can provide multiple data points within one module. Quantum efficiency,
reflectance, LIV, and DIV are cell-level measurements that provide more clarity. The locations of these characterizations have been

highlighted in Fig. 47. The backsheets of about 15 cells from each of the field-aged modules were cut and their Isc were measured.

Module MSX 60 M55
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Fig. 47. UVF images with cells marked that correspond to measurements taken. Solar simulator measurements were taken on the cells
highlilghted in red. Reflectance, and quantum efficiency measurements were taken on cells highlited in yellow. Fresh modules did not

have their cells individually accessed.




Quantum Efficiency (QE) measurements

The efficiency of the local cell area for representative cells from each of the three MSX
60 and M55 modules is shown here. The plots presented are from before accelerated UV
exposure. Measurements post UV exposure were not able to be taken due to unavailability
of the machine. The QE in Fig. 48 of different areas of the cell show the effect of field-
exposure-induced encapsulant browning. MSX 60 modules experience a uniform drop in
QE across the wavelengths whereas M55 modules have lower QE in the lower wavelength

range. This could be indicative of different chromophore formation between the module

types.
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Fig. 48. QE measurements of representative cells from the Low T, Mid T, and High T
modules of MSX 60 and M55 modules. The cell centers consistently show lower QE than
the cell edges between 400 nm and 900 nm.

Reflectance measurements

The reflectance is expected to decrease with an increase in the browning of the
encapsulant due to the increased absorbance of the browned EVA. Below are representative
plots of reflectance from one cell in the each of the modules as shown in Fig. 49. The spots

measured in the modules show a decreased reflectance when compared to the pre-UV

exposure values.
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Fig. 49. Reflectance curves from one representative cell in each of the six field-aged
modules, the same for which QE measurements are shown in Fig. 48.

Cell-level LI-V and DI-V curve tracing

The LIV characteristics of individual cells in the module are measured by a solar
simulator, which is calibrated with a standard reference cell. Fig. 50 shows the cell Isc drop
after 450 kWh/m? of UV exposure in the chamber. About 16 cells from each of the six

modules were individually accessed after 326 kWh/m? of UV exposure.
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Fig. 50. Box plot of the cell-level Isc measurements of the individual cells in the MSX 60
and M55 modules. Module-level ls (at 0 kWh/m?) was taken as the initial measurement
whereas cell-level ls; (at 450 KWh/m?) was taken as the final measurement.

It is possible that MSX 60 and M55 modules had different EVA formulations (standard
vs. fast cure) as supported by UVF images (Fig. 43) and Fig. 50. The UVF images for MSX
60 modules show two intensities of browning in the pre-accelerated UV exposure images
whereas the M55 modules show uniform intensity of fluorescence. This could be indicative
of at least two types of chromophores in the MSX 60 modules. The lamination time,
temperature, and EVA formulation all affect the concentration of chromophores in the
EVA. This could explain the higher drop in Isc in the Low T M55 module than in the High

T MSX 60 module.
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Activation Energy Calculation and Encapsulant Browning Degradation Rate Prediction

For encapsulant browning, Isc is the parameter used for E; and AF calculations and not
Pmax. The average drop in s for the cells in the MSX 60 and M55 modules was graphed
on an Arrhenius plot to calculate the Ea for encapsulant browning in Fig. 51.
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Fig. 51. Activation energy calculation from the average % ls. drop from the MSX 60 and
M55 module. The Ea for MSX 60 modules is 0.37 eV. The Low T, Mid T, and High T data
points represent the average %Ilsc drop of 10 cells, 9 cells, and 12 cells, respectively. The
Ea for M55 modules is 0.71 eV. The Low T, Mid T, and High T data points represent the
average %lsc drop of 16 cells, 13 cells, and 13 cells, respectively.

The Arrhenius plots in Fig. 51 shows the Ea calculated from the average % Isc
degradation of cells to be 0.37 eV for MSX60 and 0.71 eV for M55 modules. The error
was calculated by normalizing the standard deviation to the average %Ilsc drop. The higher

error in the Ea calculation for the MSX 60 modules likely stems from the spread in data as
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seen in Fig. 50. About 15 out of 48 data points were removed from the Arrhenius plots (and
thus the Ea calculation) due to non-uniform/patterned browning and cracked cells. Only
cells with uniform browning and non-cracked cells were considered for Ea calculation. The
wider spread in the MSX 60 module could be from the two intensities of browning
observed in UVF imaging as seen in Fig. 47. The difference in Ea between the MSX60 and
M55 modules could possibly be attributed to the different additive formulations in the EVA
used during module fabrication leading to varying encapsulant browning rates and

mechanisms.

All the cells in the M55 modules have uniform browning across all cells and have no
cracks. In the M55 modules, the overall increase in the browning coverage area is low as
compared to that of the MSX 60 modules. Most of the cell area in the M55 modules was
already uniformly brown at the start of the accelerated UV exposure whereas in the MSX
60 modules, the cells are non-uniformly browned. The Eas calculated are for an intensified
encapsulant browning reaction in the MSX 60 and M55 modules with Al tape on the
backsheet. The Ea calculated was used to predict the degradation rate. A degradation was
calculated from each of the six field-aged modules and compared to its own field-induced

degradation rate.

TABLE XIV: PREDICTED lsc DEGRADATION RATES BASED ON ACCELERATED UV
ExPOSURE. DEGRADATION RATES IN %/YEAR.

Annual Isc degradation rate (%)
Condition Low T Mid T High T
Field 0.26 0.31 0.30
MSX 60 Accelerated 0.30 0.29 0.30
M55 Field 0.35 0.35 0.28
Accelerated 0.14 0.14 0.15
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The variance in the predicted and field degradation rates could stem from non-uniform
module temperatures during the testing. The source of heat for the thermally insulating
foamboards used to maintain the modules at different temperatures is the UV lamps. With
irradiance changes, the temperature of the module fluctuates. The average module

temperature was used for Ea and AF calculations.
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4.1.2 Studying Solder Bond Degradation in Field-Aged Modules

The modified thermal cycle of the IEC 61215 successfully achieved multiple temperatures
during the dwell time. The total cycle time was 220 minutes with 15 minutes each at -40°C
and at the elevated temperatures (85°C, 95°C, and 105°C). Within each module, three
thermal zone being maintained as shown in Fig. 52. The 10-minute time lag in module
temperature catching up to the chamber temperature is due to time required for thermal

equilibrium.
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Fig. 52. The achieved thermal profiles of the MSX 60 module with three temperatures
during 15 minute dwell time of accelerated TC test. The black line corresponds to
chamber temperature.
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TABLE XV: DEGRADATION IN IV PARAMETERS OF MSX 60 AND M55 MODULES AFTER THE

MODIFIED TC TESTING.

MSX60
Light IV Dark IV
Exposure type FF (%) | Pom (W) | R.(Q)
Nameplate 74.7 59.2 0.38*
% 21 years 73.1 53.2 0.82
[ % Deg. 2.1 10.1 116
% Deg./year 0.1 0.48 5.51
. 0 cycles 73.1 53.2 0.82
g 800 cycles 72.3 52.0 1.04
E % Deg. 1.1 2.3 26.8
% Deg./200 cycles 0.27 0.56 6.7
M55
Exposure type Light IV Dark IV
? FF (%) | Pmax (W) | R (Q)
Nameplate 72.9 52.9 0.47%
% 18 years 57.6 38.1 1.29
= % Deg. 20.9 28 195
% Deg./year 1.2 1.6 10.9
et 0 cycles 57.6 38.1 1.29
g 400 cycles 37.2 23.6 3.66
E % Deg. 35.4 38.1 184
% Deg./200 cycles 17.7 19.0 91.9

The degradation rates of test modules shown in TABLE XV were calculated based on
the nameplate rating. The module Rs before field exposure was calculated by the Dobos
method which uses Voc, Vmp, and Imp of the module (from the nameplate) [24]. The
degradation per year and per 200 cycles is highlighted in red. The annual FF, Pmax, and Rs
field degradation rates were lower in the MSX60 module (21 years) than in the M55
module (18 years) despite the longer field exposure of the MSX60 module. The same trend
was replicated in accelerated testing with a consistent drop in FF and Pmax and an increase

in the Re.
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Module-level Characterization Results

The MSX 60 module underwent much lower degradation than the M55 module in the
field despite being having longer field exposure. The Pmax degradation rate is higher than
the FF degradation rate for both modules indicating the role of other degradation
mechanisms in the field. Over the accelerated TC testing, the % degradation per 200 cycles
show that again MSX 60 module underwent much less degradation than the M55 module.
Note that the degradation calculated in TABLE XV is for the whole module and not for the

individual temperature zones.

Outdoor IR and EL Imaging

Further information about degradation was obtained via imaging techniques such as EL
and IR imaging. In EL images, dark areas correspond to electrically inactive areas. No
major changes were observed in EL images between the pre- and post- modified TC800
testing for the MSX60 module in Fig. 53a and Fig. 53c. The EL images for the M55 module
in Fig. 53 show an overall module darkening and an increase in bright areas near busbars,
which is attributed to electron crowding because of Rs increase. IR images show thermal
anomalies in metallization in the module. The difference in the ambient temperatures (37°C
during pre-test IR imaging and 15°C during post-test IR imaging) dictates the module
temperature. No new hotspots were observed in the MSX60 (Fig. 53e and Fig. 53g). A few
new hotspots were observed in the Mid T and High T zones of the M55 module possibly

due to increased Rs as seen in Fig. 53f and Fig. 53h.
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Fig. 53. (a—d) EL and (e — h) IR images of the field-exposed modules before and after thermal cycling. The
MSX60 module EL images (a and c) do not show much degradation whereas the M55 module (b and d)
shows an overall cell darkening and brightness near the busbars indicate increased Rs leading to electron
crowding. The cells in green on the MSX60 module and the cells in yellow on the M55 module correspond
to the cells in IR imaging that have a slightly higher temperature.

Cell-level Characterization Results

The cell-level Rs measurements of the M55 module shown in TABLE XV have a more

distinct temperature dependence than the MSX60 module. Again, Rs, and not Pmax i

considered as the direct parameter affected by the modified TC testing. To further
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understand the changes caused by thermal cycling, SEM imaging and EDXS analysis was

done.

TABLE XVI: AVERAGE % CELL-LEVEL Rs INCREASE IN THE MSX 60 AND M55 MODULES

FOR 200 CYCLES
Average % Cell MSX 60 M55
level Rs LowT | MidT | HighT Low T Mid T High T
change/200
cycles 5.33 5.53 6.55 27.60 39.75 50.55

Electron Imaging and Compositional Analysis

Six samples were imaged and analyzed from the three temperature zones across two
modules. Scanning electron micrographs and EDXS compositional maps were obtained at
the interfaces where the cell interconnect was bonded to the Ag cell metallization. In
MSX60 modules, Sne2PbssAg2 was introduced as a part of the solder layer (during the cell-
soldering stage of module manufacturing) but not used in the M55 module. Thus, imaging

locations on both module types were carefully chosen to highlight this vital difference.

Large-area SE micrographs showed that most of the solder along the Cu ribbon that
was exposed to the EVA layers (near the glass and near the backsheet) had migrated to the
interface between the cell interconnect and the Ag busbars for both the MSX60 and the
M55 module. Solder in the MSX60 High T sample and the M55 Mid T sample had
migrated towards the edges of the Cu core. Fig. 55 lays out the SE micrographs and EDXS
maps for Cu, Sn, and Pb across the samples. It is critical to consider the field-exposure and
testing history of the MSX60 and the M55 modules while analyzing the SEM images and

EDXS maps.
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Fig. 54. SEM micrograph of a sample from the MSX 60 Mid T region (a) with a
corresponding line scan showing the at% of Pb, Cu, and Sn (b). Between 5 pm and 8 pm,
the IMC observed is CusSn. Some segregation was observed with Pb-rich and Sn-rich
phases. The CusSns IMC layer was about 3 pum thick.

Quantitative EDXS distinguished the two CuxSny IMCs. From the Cu-solder interface,
CusSn IMC formed with more Sn at the edge showing formation of CusSns IMC. The
CusSns IMC was also found further into the solder due to diffusion and creep. In addition
to the line scan in Fig. 54, quantitative point scans (not shown here) were performed
showing roughly 75 at% Cu and 25 at% Sn for CusSn and about 60 at% Cu and 40 at% Sn

for CuesSns.
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Fig. 55. SE micrographs of cell interconnect cross-sections from the three temperature zones of the MSX60 and the M55 modules along
with their corresponding EDXS maps. Note the feature-size appropriate scale bars used in the Mid T and High T sample images of the
MSX module. Overlap of Cu and Sn maps indicate at the presence of CusSn and CusSns IMCs. While the Low T MSX60 sample has a
lamellar structure, an increase in the Pb-rich segregation was observed in the Mid T (94 Pb-rich islands with an average area of 14.38
um?) and High T (15 Pb-rich islands with an average area of 82.64 um?) samples. Samples from all temperature zones of the M55
module show major segregation.
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In the MSX60 module, the Low T SE micrograph shows a solder layer of uniform
thickness. The overlapping areas in the Cu and Sn maps indicate the formation of a thin
CusSn (closer to the Cu core) and CusSns (thicker and next to the CuzSn layer) IMCs. The
average IMC layer thickness was 3.82 um. The Cu map also shows a few regions of Cu
diffused into the Sn-Pb matrix. It is possible that some of these islands could be connected
to the Cu core in 3D. The Sn and Pb maps show closely-packed lamellar segregation of
Sn-rich and Pb-rich regions. The Sn-Pb layers make it challenging to obtain exact area
fractions with respect to the total solder area. The approximate area fractions of Sn and Pb
is 0.77 and 0.64, respectively. The samples from the Mid T and High T zones have a
uniform solder thickness with visible spots. The Cu maps for both the samples show
regions of scalloped CuxSny IMCs along with more Cu islands. Average IMC layer
thicknesses of 3.9 um (Mid T) and 4.2 um (High T) were calculated. In both samples, the
Pb-rich regions have segregated and coarsened as evident from the Pb maps. The Sn and
Pb area fraction for the Mid T region sample was 0.74 and 0.23, respectively. About 94
Pb-rich regions with an average area of 14.4 pm? were measured via ImageJ. For the High
T region sample, the area fractions were 0.64 (Sn) and 0.34 (Pb), with about 15 Pb-rich
regions with an average area of 82.6 um2. With increasing temperature, microstructure
coarsened to increased phase separation and more Cu island formation, all of which lead

to increased Rs.

In all of the M55 module samples, a distinct IMC layer was observed from SE
micrographs and the Cu maps. Major phase segregation and growth was observed across

samples from all temperature zones. Most of the Pb had segregated to form one or two
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large regions. The Sn-Pb area fractions, respectively, were 0.93 and 0.13 (Low T), 0.92
and 0.04 (Mid T), and 0.77 and 0.19 (High T). The discrepancy for Low T came from a
surface void showing Sn in a Pb-rich region. The average IMC layer thicknesses calculated
was 2.2 um, 2.8 um, and 3.1 pum for the Low T, Mid T, and the High T zones, respectively.

The EDXS measurement uncertainty was 0.2 pm.

Exposure to higher temperatures is conducive to IMC formation which can lead to
cracking especially when combined with thermal cycling. There can be a physical
separation of the alloys/compounds (phase segregation) upon thermal cycling due to TMF
from the differential CTEs. All samples show Pb and Sn segregation along with an increase
in the IMC layer thickness with increasing temperature. Cracking, delamination, and grain

size increase result in increased Rs.
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Activation Energy Calculation and Solder Bond Degradation Rate Prediction

The cell-level Rs increase data was used to calculate the E, for solder bond degradation
in the MSX60 and M55 modules. Each temperature section was considered to be one unit.
The percent cell Rs increase from all cells within one temperature section was averaged
and presented on the Arrhenius plot in Fig. 56. The Ea was estimated to be 0.12 eV for

MSX60 module and 0.35 eV for the M55 module.

Temperature (°C)
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Fig. 56. Arrhenius plot for solder bond degradation with the average Rs degradation in cells
from the MSX 60 and the M55 module. The E. calculated for the MSX 60 module was
0.12 eV. The Low T, Mid T, and High T data points represent the average %Rs increase of
7 cells, 5 cells, and 7 cells, respectively. The M55 module was 0.35 eV. The Low T, Mid
T, and High T data points represent the average %Rs increase of 6 cells, 9 cells, and 5 cells,
respectively.
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Based on literature reported values [48], [50], [52], the increase in the Rs seems to be
dominated by TMF more than by IMC formation in the MSX60 module. With IMC
formation and increasing grain size, crack initiation and propagation occurring at interfaces
is easier [100]. However, the presence of 2wt% Ag in the solder joints of the MSX 60
module likely inhibited much of the IMC formation and grain coarsening in the field [52],
[76], [77], [101], [102]. The grains of Pb in the SneoPba4o solder (M55) further coarsen in
addition to IMC formation. The reported Ea values for TMF induced degradation are 0.12
eV and 0.46 eV [48], [50]. Geipel et al. have reported 0.89 eV - 1.34 eV as E, for IMC
formation in SneoPbao solders [52]. In both modules, solder bond degradation seems to be
dominated by TMF. The high variability in the Rs could be attributed to non-uniformity in
heating and therefore in the degradation measured.

The Ea (0.12 eV and 0.35 eV) obtained was through the Rs increase in cells of field-
aged modules subjected to thermal cycling. In this work, the IMCs in the modules—formed
during soldering and lamination and grown during field exposure—underwent further
crack formation and propagation in the modified thermal cycling test. The parameter
directly affected by the presence of IMCs and the TMF further induced by thermal cycling
was Rs and its relative increase was used for Ea calculation. The Ea reported by Geipel et
al. is 0.89 eV — 1.34 eV based on IMC growth in freshly fabricated samples subject to
isothermal aging. The effect of crack formation and growth was not accounted for in the
E. calculation. The IMC thickness increases with increased exposure to isothermal

conditions.
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Both modules have 18 — 21 years of field exposure in Arizona during which the
majority of the IMCs present would have formed. In the modified TC test, TMF is expected
to dominate due to the testing profile. Out of the 220-minute cycle, only 15 were spent at
elevated temperatures (which encourage IMC formation). With another 15 minutes at -
40°C, a total of 190 minutes was spent ramping up and down in temperature. During this
time, TMF was expected to dominate over IMC formation. It is theorized that the reduced
silver scavenging effect of the 2wt% Ag in the MSX60 solder joint reduced IMC formation
and the effects of TMF when compared to the M55 solder material—which does not
contain any silver at all [77]. With IMC formation and increasing grain size, crack initiation
and propagation occurring at interfaces is easier [100]. The Ea can also be influenced by
the variance in module/cell temperature during the dwell time.

The average Rs degradation rate in the field was calculated to be 1.04%/year for the
MSX 60 modules. For M55 modules, the degradation rate was 3.04%/year in the field.
With an E; of 0.27 eV, the predicted degradation rate was 0.19% and with an E, of 0.35
eV, the predicted rate is 0.26%/year. The low predicted degradation rate could be attributed

to the short dwell time of 15 minutes at the upper temperatures.
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4.2 Accelerated Stress Testing to Induce Encapsulant Browning And Solder Bond

Degradation in Freshly Fabricated 9-cut-cell Samples

4.2.1 UV-T exposure of 9-cut-cells with either UV-cut and UV-pass EVA above and

below the cell

The approach of having thermally insulating foamboards of varying thicknesses to

maintain the samples at varying temperatures was successfully demonstrated. UVF images

show the extent and intensity of browning in the UVC EVA samples. With the UVP EVA

samples, no obvious browning is seen in Fig. 57. The UVC1 sample at 800 kWh/m? has

cracks due to a fall. This is apparent through the pattern of encapsulant browning

intensified due to the Al tape on the backsheet of the samples.

Coupons uvCi uvC 2 uUvC3 Coupons
Temperature 60.9°C 66.2°C 72.5°C Temperature

0 kWh/m? 0 kWh/m?
200 kWh/m? 200 kWh/m?
400 kWh/m? 400 kWh/m?
600 kWh/m? 600 kWh/m?
786 kWh/m? 786 kWh/m? =i

: i .[J

Fig. 57. UVF images of the 9-cut-cell samples with UVC EVA and UV
200 kwh/m?,
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The cell-level Isc in Fig. 58 show a 2.0%, 3.7%, and 4.2% lsc drop in UVC1, UVC2,
and UVC3 samples, respectively. The Isc drop in UVP1, UVP2, and UVP3 samples was
3.1%, 4.4%, and 4.9%, respectively. The similar Isc drop between the UVC and UVP
samples indicate that a degradation mode other than browning is involved. The Y1 values
shown in Fig. 58b increase consistently for UVC samples with increasing temperature. In

the UVP sample, the Y| values show a negligible increase.
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~ 11 — - ]
< f== = i 3
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Fig. 58. (a) lsc change after every 200 kWh/m? until 600 kwWh/m? show little drop. (b) Y1
change over the duration of the test. The Y1 increase in the UVC samples indicate that
encapsulant browning is the likely degradation mode whereas the negligible change in the
Y1 of the UVP mini-modules indicate a different degradation mode.

To explain the Isc drop and negligible Y1 increase, a closer look at one cell from the
UVC3 and the UVP3 samples is necessary (Fig. 59). The extent of encapsulant browning
extends to the edges of the cell. The peripheral clear ring is indicative of photobleaching.
It is possible that the adhesive of the Al tape on the backsheet of the samples was weakened

due to the extended exposure at elevated temperatures. The weakened adhesive allowed
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limited air diffusion through the backsheet enabling photobleaching of the cell periphery.
With higher sample temperatures supporting greater photobleaching, UVC3 is expected to
have more clear space on the cell periphery than the UVC2 or UVC1 samples. However,
UVC2 and UVC3 have 0.5 and 2” thick insulating foamboards that can further affect the
rate of oxygen diffusion through the backsheet. In contrast, the UVC1 sample has no

foamboard on the backsheet.

(b)

Fig. 59. Close-up UVF images of one cell from the (a) UVC3 and the (b) UVP3 samples.
The area of browning is clearly seen in the UVC3 sample. A ring like pattern is seen in the
UVP3 sample that could be attributed to EVA main chain degradation.
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4.2.2 Combined UV-T-RH Accelerated Testing of PV Modules: Reliability of UV-Cut

and UV-Pass EVA Encapsulants

9-cut-cell samples were maintained at multiple temperatures exposed to humidity. UVF

imaging (Fig. 60) shows the extent of browning in the modules.

Coupons

uvC1

uvcC 2

uvc3

Temperature

64.4°C

60.3°C

63.1°C

% RH

11.2

54.4

28.9

0 kWh/m?

200 kWh/m?

Coupons

Temperature
% RH

0 kWh/m?

200 kWh/m?

Fig. 60. UVF imaging of UVC and UVH samples at different temperatures and humidities.
The extent of encapsulant browning and influence of oxygen diffusion can be seen. The
ring-like feature is browning.
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As the temperature increases, the extent and intensity of browning increases. Diffusion
of oxygen through the backsheet enables oxygen photobleaching as seen by the clear
peripheral rings on all cells. A ring of fluorescence was seen in the 9-cut-cell samples with
UVP EVA above the cell. This could be due to additive migration from the back UVC
EVA layer to the front UVP EVA layer during lamination [24]. Ring-like fluorescence
pattern has been reported in modules with UVC EVA below the cell and UVP EVA above
the cell [35], [103] and also in UV-chamber aging [104]. The increased fluorescence could

be due to agglomerated fluorophores [105].

(a) ! ' ' ' ' (b) ' ' =~ ' I
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Fig. 61. (a) Median lsc drop in the six 9-cut-cell samples after 186 kWh/m? of UV dosage.
(b) The Y1 plot shows a consistent increase Y| data for all 9-cut-cell samples.

A consistent Isc drop and a Y increase was measured in all the samples. However, since
the Isc change measured was within the measurement uncertainty, we are not able to use

this data to further calculate the E..
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4.2.3 Combined UV-T-RH Accelerated Testing of 9-cut-cell Samples

Two sets of six 9-cut-cell samples each were exposed to UV-T and UV-T-RH. In the
previous experiments, the samples were maintained at elevated temperatures using the
passive heating method of having insulating foamboards of varying thicknesses behind the
samples. The caveat of this approach was that the sample temperature directly fluctuated
with the incident UV light intensity. Despite the use of heating blankets aimed at
maintaining samples at multiple temperatures, for the UV-T samples, three different
temperatures could not be maintained. This is likely due to the lack of a box enclosing the
samples thus retaining heat from the blanket. Heat from the blankets was dissipated to the
ambient within the walk-in UV chamber. In the case of UV-T-RH, samples were placed
within an enclosed box to contain the steam. The enclosure helped to maintain the

temperature of the samples with heating blankets.

TABLE XVII: SAMPLE TEMPERATURES OBTAINED WITH THE HELP OF SILICONE HEATING
BLANKETS. DUE TO THE LACK OF AN ENCLOSURE BOX, DISTINCT SAMPLE TEMPERATURES
COULD NOT BE MAINTAINED IN THE UV-T SAMPLES.

Module and Temperature (°C)
Condition UV-T Std. Dev | UV-T-RH | Std. Dev
Low T 61 4.6 66 3.5
TPT | MidT 65 3.8 74 2.6
High T 82 8.4 83 4.6
Low T 61 5.4 63 3.6
KPE| MidT 65 4.4 70 2.7
High T 73 9.2 78 5.0

A one-inch gap was maintained between the sample and the heating blanket so as to
allow only radiative heating and not damage the backsheet. With increasing temperatures,
more browning and degradation is expected. The browning of these samples was

characterized by UVF imaging, colorimetry, reflectance, and Isc measurements.
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Colorimetry results shown in TABLE XVIII, do not show a distinct trend. In the negative
range, the Y1 indicates an increase in the blue wavelength corresponding to reflectance of
the solar cell. Currently, the UV exposure maybe insufficient to cause an adequate increase

in the Y.

TABLE XVIII: Y| VALUES AVERAGED FROM 18 SPOTS ON EACH UVH SAMPLE EXPOSED TO
ACCELERATED UV LIGHT AT ELEVATED TEMPERATURES WITH AND WITHOUT HUMIDITY

Module and UV-T (KWh/m?) UV-T-RH (KWh/m?)
Condition 0 225 | AYI 0 225 | AYI
LowT | -1.69 | -0.24 | 1.45| -1.41 | -0.31 | 1.10

TPT MidT | -4.34 | -3.09 | 1.26 | -5.06 | -3.58 | 1.48
HighT | -3.22 | -152 | 1.71 | -6.81 | -5.73 | 1.09

LowT | -4.27 | -3.19 | 1.08 | -4.30 | -3.64 | 0.66

KPE MidT | -297 | -1.71 | 1.26 | -8.49 | -7.33 | 1.17
HighT | -185 | -0.74 | 1.10 | -4.93 | -4.15 | 0.78

TABLE XIX: PERCENTAGE DECREASE IN AVERAGED lsc VALUES FROM SAMPLES EXPOSED
TO ACCELERATED UV LIGHT AT ELEVATED TEMPERATURES WITH AND WITHOUT HUMIDITY.

EACH DATA POINT IS AN AVERAGE OF 9 CELLS

Module and Condition | Low T Mid T High T
TPT 9.70 9.05 9.99
uv-T KPE 10.38 10.94 9.88
TPT 9.89 9.70 10.34
UV-T-RH KPE 10.34 10.19 10.56

Isc measurements from each 9-cut-cell sample were measured before and after UV
exposure and averaged as shown in

TABLE XIX. As the temperature increases, a higher decrease in ls is expected. The
KPE samples have a greater drop in lsc (except the High T UV-T sample) than the TPT
samples. The boxplot in Fig. 62 shows the spread of data points within each sample.
Though the samples have undergone 225 kWh/m? of UV exposure at multiple elevated
temperatures, a distinct temperature dependent trend was not observable. This is possibly
due to non-uniform browning in the shape of an inward advancing ring as seen in Fig. 63

and Fig. 64.
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Fig. 62. Box plots of (a) samples with TPT backsheets in the UV-T test, (b) samples with
KPE backsheets in the UV-T, (c) samples with TPT backsheet in the UV-T-RH test, and
(d) samples with the KPE backsheet in the UV-T-RH test.

UVF images of the samples are shown in Fig. 63 (UV-T) Fig. 64 (UV-T-RH). Some
general observations applicable to all samples across UV-T and UV-T-RH. A ring like
browning pattern was observed where the thickness or width of the browning ring increased
with an increase in the sample temperature. This is consistent with results from the

experiment in the previous section. Thicker/wider browning rings in samples with TPT

backsheet suggest the KPE backsheet has a higher oxygen permeability than the TPT
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backsheet. As the sample temperature increases, so does the rate of oxygen photobleaching.
For samples with TPT backsheets, the outside edges of the cells seem to undergo more
oxygen photobleaching than the “inside facing” sides of the cells. This could be due to
faster heat dissipation through the sample edges leading to locally lower cell temperatures.
This suggest that for KPE backsheets, the sample temperatures may have been more
uniform. Samples exposed to UV-T-RH have spread-out browning rings with more diffuse
borders when compared to samples exposed to UV-T. The presence of humidity would
lead to acetic acid formation which is an auto-catalyst. The higher sample temperature
enables quicker and further diffusion of water within the sample. The browning ring seems
to travel inward faster in the UV-T-RH samples. With more exposure to UV light, the ring
of browning travels inward as most evident by the High T TPT backsheet sample exposed
to UV-T-RH in Fig. 64. If the samples had a glass/glass construction, browning starting
over the cell periphery would be expected to spread inwards as there would be no

photobleaching without diffusion through the substrate.
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Fig. 63. UVF images of 9-cut-cell samples during the 225 kWh/m? of UV exposure at

elevated temperatures without humidity.
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Fig. 64. UVF images of 9-cut-cell samples during the 225 kWh/m? of UV exposure at
elevated temperatures and humidity.
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One possible explanation of the ring like browning observed is presented. A small
amount of the UV absorber from the UVC EVA below the cells diffuses to the UVP EVA
above the cells during the lamination which takes place at 150°C for 20 minutes (Fig. 65a).
In the UVP EVA layer, the inter-cell regions have more UV absorber than the region above
the cells (since the absorber cannot diffuse through silicon). There is more UV absorber at

the interface between the two EVA layers than at the interface of the UVP EVA and the

glass.
(a) As laminated (b) With UV exposure
uvcC uvp uvC UVP
EVAO%)@%{?O%Q EVA EVAOSQ%?Q%QEVA
below above below N above
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{0 UV absorbers diffused during lamination

() Degraded UV absorbers during UV exposure
(") Photo-bleached UV absorbers during UV exposure

Fig. 65. Schematic showing the possible pathways of encapsulant browning and
subsequent oxygen photobleaching due to the movement of UV absorbers during
lamination.

With exposure to UV light, the UV absorber closer to the glass starts to degrade and
form chromophores. The unreacted UV absorbers starts to diffuse inwards to the cell center
as evident by the UVF images due to the concentration gradient over the cell. A

simultaneously occurring reaction is oxygen photobleaching where ambient oxygen

diffuses through the backsheet and reverses the effect of chromophore formation (Fig.
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65b). It is important to remember that the rate of oxygen photobleaching is lower than the
rate of EVA browning due to the higher intensity of incident UV light. The limiting factor
is the permeability of the backsheet to oxygen.

The reflectance data was obtained for 18 spots as shown in Fig. 36. Due to the
symmetric nature of the uniform browning (Fig. 63 and Fig. 64), a median of the reflectance

data was calculated for each 9-cut-cell sample and plotted as shown in Fig. 66.

350 360

Pre-UV exposure @ ~————~- Post-UV exposure
0-12 [ | T T T | T T T | T T I_|C)\|Iv|-|- T T | T ||_|I|gh|-|_| T T | T T T | T T T ]
- (@) UV-T: TPT ' (b) UV-T: KPE
3010 :_ 0.08 T T 7T T T 7T 0.08 LI L L L
D : - .
5008 0.06 P/ANT A
= - M
S 0.06 0.04 —
N C 7
© Co1 1 L1
£
o
=z

- -
- ——-—
s —

|
|
() UV-T-RH: TPT

(d) UV-T-RH: KPE

TY
7
N
/
\
e
AN
d
N
4

mY
4
N
A\
/
N
N
)/
o o
1

~
1
1111 | 1

1
\

| TT
1
N

( o
o
e
|II
bl
IIII|I]I

TTAT
~

350 360

Normalized Intensity

":——————:—_

& =

0_||||||||||||||||

400 600 800 1000 400 600 800 1000 1200
Wavelength (nm) Wavelength (nm)

108



Fig. 66. Reflectance measurements before and after UV exposure (a) and (b) with elevated
temperatures and (c) and (d) with elevated temperatures and relative humidity. Each line is
the median of 18 measurements from each 9-cut-cell sample. The inset figures show a
decrease in reflectance between 350 nm — 370 nm indicating an increase in the absorbance.

In the wavelength range of 350 nm — 370 nm, a considerable decrease in the reflectance
was observed in the High T samples exposed to UV-T-RH. The drop could be indicative
of an increase in absorbance in the UV range due to absorber diffusion during lamination
or the deterioration of the anti-reflection coating. A drop in reflectance was observed in the
1000 nm — 1200 nm range. Between 370 nm — 1000 nm, a drop in reflectance was observed
across all samples and condition sets. The decrease in reflectance implies an increase in the
absorbance in the EVA layer. The transmittance of the glass is not affected by the stressors.
The decrease in the reflectance is due to light passing through the degraded EVA twice: on
the way to the cell and after being reflected from the cell. The summarized findings of the
exposure of 9-cut-cell coupons to UV-T (TABLE XX) and to UV-T-RH (TABLE XXI) are
presented in Fig. 67. There is a distinct difference between the browning pattern of the
samples with UVC EVA above the cell and UVP EVA above the cell. The samples with
UVC EVA above the cell had uniform browning whereas a ring-like browning pattern was

observed in samples with UVP EVA above the cells.

The interplay between the rate of encapsulant browning and oxygen photobleaching
presents a challenge in calculating the Ea as do the fluctuations in stressor intensity over
the testing duration. In accelerated testing, the rate of browning is greater than that in real
life whereas the rate of oxygen photobleaching remains the same possibly leading to very
low Ea values for some sample sets. In the sample with UVP-UVP EVA, not much

fluorescence observed. In the samples with UVC-UVC EVA, uniform and intense
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browning was observed across the cell. In all samples with UVP-UVC EVA, a ring-like
browning feature was observed across both backsheets and conditions sets. With increasing
UV dosage and temperature, the intensity and extent of browning increases. The borders

of the rings are less distinct in samples exposed to UV light with humidity.
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TABLE XX: SUMMARY OF 9-CUT-CELL SAMPLES EXPOSED TO UV-T WITH VARYING INTENSITIES OF STRESSORS
EVA Type . Main Findings
Backsheet UV Dosage Test Conditions - -
Above | Below Browning Photobleaching
UV-T 61°C - 73°C, . . -
uve | uve TPT (786 KWh/m?) Al tape on the Intens: a;ggduglﬁormly Thin banc:e (Ijlrzlsted to cell
Page 96 backsheet P g
Uv-T 59°C - 70°C, . . . .
UVP | UVP | TPT | (786kWhm?) | Al tape on the L'ghia:‘gagrgl‘:(t’rm'y Thin ba“céé'”;'sted to cell
Page 96 backsheet P g
UV-T-RH 60°C - 64°C, Intense and uniforml
UvC | uvC TPT (200 kWh/m?) RH levels: soread out Y | Wider band at the cell edges
Page 99 11% - 55% P
Dosage (KWh/m?) | 200 200 | 225 (Without RH) \ 225 (With RH)
EVA Type
EVA Above Cell UvP uvC UvP uve
EVA Below Cell uve uvce UVC (TPT) uvC (KPE) uvC (TPT) UVC (KPE)
Temperature (°C) 81 79
P Ilr"..1 P ‘“I £9
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Fig. 67. Comparative UVF |mages Wlth varying EVA combinations showing the effect of EVA type on extent and pattern of

encapsulant browning.
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TABLE XXI: SUMMARY OF 9-CUT-CELL SAMPLES EXPOSED TO UV-T-RH WITH VARYING INTENSITIES OF STRESSORS.

EVA Type

Above

Below

Backsheet UV Dosage

Test Conditions

Main Findings

Browning

Bleaching

Common observation for samples with UVP EVA above cells and

UVC EVA below cells

Ring-like starting at cell
edges and traveling inward

Ring-like starting at the cell
edges and following the
browning ring

UV-T-RH 57°C - 67°C, RH Ring moves closer to Higher temperature
UVP uvC TPT (200 kwh/m?) levels: center with increasing encgura o bpleachin
Page 99 11% - 55% sample temperature g g
UV-T o o Width of intense browning | . .
UVP | UVC TPT (225 kwhim?) | 01°C-82°C 1 follows temperature | H9Ner temperature results in
No humidity ) more bleaching
Page 101 increase
Width increases with : .
UV-T o _ m70 ) Smaller ring width suggests
UVP uvC KPE (225 kWh/m?) 61°C 7.3 .C temperature but is smgller higher backsheet oxygen
No humidity than TPT backsheet ring .
Page 101 ) permeability
width
UV-T-RH 66°C - 83°C Rinas are wider with less More oxygen photo-
UVP uvC TPT (225 kwh/m?) RH levels: d?stinct fina borders bleaching than samples
Page 101 20% - 40% g without humidity
UV-T-RH 63°C - 78°C Extent of brownina similar More oxygen photo-
UVP uvC KPE (225 kwh/m?) RH levels: to TPT sam ?es bleaching than samples with
Page 101 20% - 40% P TPT backsheet.




4.2.4 Studying Solder Bond Degradation in 9-cut-cell Samples

A set of six samples underwent the modified thermal cycling profile and were
maintained at three distinct temperatures during the hot dwell time. Possibly due to the
setup (Fig. 42) and distance between the heating blankets and the sample, sample
temperatures could not be maintained exactly at 85°C, 95°C, 105°C. In previous
experiments, the blankets were placed directly on the module backsheet which allowed for
accurate temperature control.

TABLE XXII: SAMPLE TEMPERATURES OBTAINED WITH THE HELP OF SILICONE HEATING
BLANKETS OVER 456 MODIFIED THERMAL CYCLES. THE AVERAGE OF SAMPLES

TEMPERATURES ABOVE 75°C, 85°C, AND 95°C WERE TAKEN FOR THE Low T, MID T, AND
HIGH T SAMPLES, RESPECTIVELY.

Module and Condition | Temperature (°C) | Std. Dev (°C)
Low T 80.2 2.9

TPT Mid T 91.8 3.2
High T 103.6 8.0
Low T 78.1 1.7

KPE Mid T 88.4 2.1
High T 102.7 6.5

The change in Rs was measured through DI-V, EL imaging, and IR imaging. In the 9-
cut-cell samples, each “column” of cells had a different solder bond composition as shown
in Fig. 41 and is considered in the analysis. The left “column” has Pb3sSne2Ag2, the middle
“column” has PbsoSneo, and the right “column” has Sns2Bisg solder-coated ribbons. The
increase in Rs was measured through Dark I-V and is presented in TABLE XXIII.
TABLE XXIII: THE % INCREASE IN Rs USING DARK |-V BASED ON SOLDER BOND

COMPOSITION AND SAMPLE TEMPERATURE DURING THE HOT DWELL TIME. EACH DATA POINT
IS AN AVERAGE OF 6 CELLS.

Soldertype | LowT Mid T High T

PbssSne2Ag2 | 48.8 113.6 174.8
PboSneo 69.5 88.0 69.7
Sn42Biss 162.6 16.9 96.7
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Fig. 68. Average Rs increase and standard deviation in the 9-cut-cell samples that
underwent thermal cycling separated by solder type (a) for PbssSnes2Ag2 (6 cells), (b) for
Pb4oSneo (6 cells), and (c) Sna42Bisg (6 cells).

The change in Rs is plotted in Fig. 68 with each data point being an average of 6 cells:
three each from samples with TPT and KPE backsheets. In all three solder bond types, the
Rs increased slightly (less than three times of original Rs) after 456 thermal cycles. The
testing was terminated due to time constraints. The small increase observed in this 456-

cycle study would be heavily influenced by the measurement uncertainty in Rs and hence
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it is recommended to continue the thermal cycling beyond 456 cycles, preferably 700-800
cycles, to obtain true Ea values. The cells with Sne2Pbs2Ag2 solder show some, though not
significant, temperature dependent trend in the anticipated direction. However, not much
Rs increase was observed from 320 cycles indicating the no wear-out degradation had
occurred thus far. In cells with SneoPbao solder, no clear trends were evident and wear-out
degradation was not observed until TC320. Cells with Sn4;Bisg solder also have an
inconsistent trend, possibly due to insignificant increase in Rs i) possibly due to non-
uniform temperatures across the samples and ii) from Rs values which fall within the
measurement uncertainty. The high standard deviation in the SnszBisg solder cells stems
from a mix of negligible change in some cells and overall degradation in other cells. Further
testing would be required to induce wear-out degradation in all cells. When the
corresponding EL images of cells with the anomalous Rs increase from SneoPbso and
Sn42Bisg solder types were examined in Fig. 69, a common factor observed was cell
darkening and presence of bright spots suggesting current crowding. The IR images for the
same cells showed areas within the cell that had a relatively higher temperature by roughly

4°C.
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Fig. 69. Individual cell-level EL images corresponding to cells with relatively higher Rs.
The cells exhibit cell darkening and formation of bright spots.

|

AL

Each of these cells have cell darkening and/or bright spot formation. The IR images for
the same cells showed areas within the cell that had a relatively higher temperature (~4°C).
These cells have contributed to the lack of trend in Fig. 68b and Fig. 68c. The non-uniform
degradation could indicate non-uniform temperatures in the samples during the hot dwell

time.

From Fig. 70, the cells with Sne:Pb3sAg2 solder have overall cell darkening and
formation of some bright spots near busbars, especially close to solder joints. The bright
spots indicate electron crowding due to increased Rs. Some fingers seem to have lifted,

resulting in areas of the cells darkening. In cells with PbsoSneo solder, fewer bright spots
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were observed than other cells, but some cell darkening was observed in High T samples.
With Sn42Bisg solder, overall cell darkening was observed with most effect seen in the High

T samples with some degradation in the Low T and Mid T samples.

A total of six samples with three different solder types and two different backsheets
underwent 456 modified thermal cycles. The Rs degradation, though insignificant, in the
cells with Sne2Pb3sAg2 solder type followed some temperature dependent trend enabling
the calculation of an Ea of 0.60 + 0.13 eV (through the Arrhenius method). In the thermal
cycling, the samples were subject to higher than field operating temperature, there was
likely some growth of the IMC layer. The effect of TMF was probably dominant due to the
190 minutes out of the 220 minutes consisting of ramping temperatures. The cells with
Pb4oSnso and Sna42Bisg solder types did not exhibit any consistent temperature dependency
possibly due to insignificant increase in Rs which falls within measurement uncertainty and
non-uniform sample temperatures. The EL images of cells with anomalous Rs values
showed either cell darkening or bright spots along the busbars. The Ea for the degradation

of PbsoSneo and Sns2Bisg solder types could not be calculated from these experiments.
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Fig. 70. EL images of 9-cut-cell samples pggore, during, and after 456 thermal cycles.



CHAPTER 5: CONCLUSIONS AND OUTLOOK

5.1 Encapsulant Browning and Solder Bond Degradation

The effects of encapsulant browning and solder bond degradation—the most

commonly reported field degradation modes—are seen years after deployment. Through

this work, the initial and end-of-life stages of these degradation modes were induced

through exposure to accelerated UV exposure and modified TC testing carried out on field-

aged modules and freshly fabricated samples. The unique features of the experimental

approach are outlined below.

Using field-aged (18 years - 21 years) and field-specific (hot-dry climate) modules
reduced the overall testing time and activation energies for encapsulant browning and
solder bond degradation were obtained for the wear-out failure/degradation stages..
Pre-stress testing characterizations reveal the extent of field-exposure induced
degradation whereas post-stress testing characterizations reveal the extent of
accelerated stress test induced degradation.

Through active and passive heating methods, modules and samples were maintained at
different elevated temperatures to enhance degradation and obtain an activation energy.
One walk-in UV chamber and one environmental chamber was utilized to induce
encapsulant browning and solder bond degradation at three different temperatures,
respectively. The chambers were also used simultaneously for other samples of other
researchers in the lab undergoing testing according to the IEC 61215 standard.

Mostly non-destructive characterization methods were utilized to maximize the data
obtained from the modules and samples.
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e The Ea calculated was based on Isc decrease for encapsulant browning or Rs increase
for solder bond degradation and not Pmax decrease. The parameter directly affected by
the degradation mode was considered for analysis and characterization.

e Normally, one module would yield only one data point as the module performance
parameter is normally measured using only the module output cables. Multiple cells of
both types field-aged modules that underwent exposure to accelerated UV light and
thermal cycling were individually accessed to obtain a statistically significant number
of data points per temperature. The 9-cut-cell samples were also designed and
fabricated for the same purpose of obtaining multiple data points at multiple

temperatures in a single chamber.

5.1.1 Field-Aged Modules

Multiple field-aged modules, maintained at different temperatures through passive
heating, were exposed to 450 kWh/m? of UV exposure in a walk-in UV chamber. Modules
from Solarex (MSX 60) and Siemens (M55) were used. The backsheet of both modules
were covered in Al tape to prevent oxygen diffusion and photobleaching and intensify the
encapsulant browning reaction. With increasing module temperature, more encapsulant
browning was observed through i) increased fluorescence in UVF imaging, ii) increased
Y1 in colorimetry, iii) decreased reflectance in spectral reflectance measurements, and iv)
decreased Isc in LI-V measurements. A drop in Isc of 1.4%, 2.5%, and 3.3% was measured
in the Low T, Mid T, and High T Solarex modules whereas a 4.1%, 5.7%, an 6.9% drop in
the Siemens modules. The cell-level Isc data from modules at different temperatures was

used to calculate the Ea from an Arrhenius plot as 0.37 eV and 0.71 eV for MSX 60 modules
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and M55 modules, respectively. The Ea was further used to predict the degradation rate for

encapsulant browning for another climate.

The end-of-life stages of solder bond degradation were induced in field-aged modules
through a modified TC test in two solder joint compositions: Sne2PbssAgz (MSX 60) and
SneoPba4o (M55). To obtain data at three temperatures, one module would have to be placed
in each chamber with a different upper temperature. In this study, each module had three
individually controlled thermal blankets that helped maintain three upper temperatures
during the hot dwell time thus reducing the number of modules required for testing. The
MSX 60 module underwent 800 cycles whereas the M55 module underwent 400 cycles.
Per 200 cycles, the increase in cell-level Rs for the Low T, Mid T, and High T regions was
5.3%, 5.5%, and 6.6%, respectively in the MSX 60 module. For the M55 module, the Rs
increase was 27.6%, 39.8%, and 50.1%, for the Low T, Mid T, and High T regions,
respectively. From the cell-level data, the Ea for solder bond degradation was calculated
to be 0.12 eV (Sne2PbzsAg2) and 0.35 eV (SneoPbao). The degradation is thought to be
driven by thermomechanical fatigue and creep. During fabrication and over the 18 — 21
years of field-exposure, most of the IMCs would have formed. During the 220 minute
cycle, 190 minutes are spent ramping up or ramping down the temperatures. Cross-
sectional SEM imaging showed a finer microstructure in the MSX 60 module than in the
M55 module. There was complete phase segregation in the M55 module samples. EDXS
compositional analysis identified the intermetallic compounds at the interfaces. The
presence of 2wt% Ag at the solder joint is thought to inhibit grain coarsening, phase

segregation and IMC formation It also prevents silver scavenging from the Ag busbars.
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5.1.2 Fresh 9-cut-cell Samples

To study the effects of encapsulant type, solder type, stressor type, stressor intensity,
and backsheet type, freshly fabricated 9-cut-cell samples were exposed to i) accelerated
UV light at elevated temperatures with and without humidity and ii) modified thermal
cycling. Non-destructive characterization techniques were used on all samples before,

during, and after the UV exposure.

In samples with UV Cut EVA both above and below the cells, a uniform browning was
visible in UV fluorescence imaging which increased in intensity and area with increasing
temperature and UV dosage. In samples with UVP EVA both above and below the cells,
slight, but insignificant uniform browning was observed in UVF (not visually), possibly
from non-UV-absorber additive in EVA or EVA main chain degradation itself. In samples
with UVP EVA above the cells and UVC EVA below the cells, a ring-like browning pattern
was observed that got thicker/wider with increasing UV exposure and sample temperature.
More browning with diffuse borders was observed in the presence of humidity. It is
possible that some UV absorber from the lower-UVC EV A between the cells first vertically
diffused into the upper-UVP EVA between the cells during the lamination process and then
laterally diffused to the cell edges. The diffused additives of lower-UVC EVA seems to be
responsible for the ring-like browning pattern in the hybrid encapsulant structure with
upper-UVP EVA and lower-UVC EVA. Encapsulant browning was most easily detectable
by UVF imaging, then colorimetry, then reflectance and lastly through a drop in lsc.

Samples exposed to UV-T-RH have a less distinct and intense browning ring when

122



compared to samples exposed to UV-T. With more exposure to UV light, the ring of

browning travels inward.

Samples with three types of solders were exposed to 456 cycles of a modified thermal
cycling. A temperature dependent Rs increase trend was observed only in cells with
Sne2PbssAg2 solder leading to an Ea calculation of 0.60 eV. Temperature non-uniformity
could be causing the lack of a temperature dependent trend in cells with SneoPbso and
Sn42Bisg solders. It is likely that more cycles are required to initiate wear-out stages of

failure.

Multiple testing approaches have been tried and streamlined for i) saving time, ii)
saving resources, iii) testing multiple conditions within one test chamber, iv) increased
statistical significance. The proposed experiments are designed to take a deeper look at the
effect of stressors and their interactions on encapsulant browning and solder bond

degradation with the abovementioned features.
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5.2 Outlook
Browning and delamination are problems that encapsulants face often in field-
exposure. Researching encapsulant browning and solder bond degradation is critical to
extending the reliability of modules. The research approach should account for the

environmental factors that affect encapsulant browning and solder bond degradation.

Encapsulant Degradation

e Testing can be continued beyond UV225 to induce more degradation. UVF image
processing could help immensely in calculating the speed of the browning ring moving
inwards with respect to temperature and stressor condition set. Image processing could
also help with correlating the effective area of browning with Is drop.

e A “tear-away” design for the samples could be incorporated allowing small parts of the
sample to be used for destructive testing. Without the integrity of the rest of the module
compromised, it can continue to undergo stress testing. Destructive testing of these
samples would help explain the underlying mechanisms of the two degradation modes
in materials commonly used in the industry.

e Including water and acid detection strips would help visualize the extent of water
ingress within the samples.

e Encapsulants, prior to sample fabrication, can be characterized by i) Raman
spectroscopy, ii) Fourier-Transform Infra-Red spectroscopy, iii) UV-Vis spectroscopy,
and iv) Gas Permeation Chromatography — Mass Spectroscopy.

e Samples for destructive testing can be obtained by coring the laminate or by water jet

cutting.
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Solder Bond Degradation

e Thermal cycling can continue beyond 456 cycles to induce wear-out stages of solder
bond degradation.

e A “tear-away” design for the samples could be incorporated allowing small regions of
the sample to be used for destructive testing. With the integrity of the rest of the module
intact, it can continue to undergo stress testing.

e A thermal cycling profile with longer dwell times would encourage IMC formation
during the initial part of testing.

e Contact resistance measurements can be taken after cell tabbing/before lamination and
compared with measurements after testing.

e Lock-in-thermography (LIT) would give more insight into the degradation location at
the ribbon-solder-cell interfaces compared to conventional IR imaging.

e EL imaging combined with image processing can provide more information about the
solder bond degradations

e In situ DIV Rs measurements could be taken for each thermal cycle with the proper
equipment, allowing for the determination of which cycle major changes in Rs occur.
The rate of Rs increase per cycle could also be determined to compare sudden and
gradual degradation modes. Testing could also be stopped to investigate an isolated

degradation with EL and IR.
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